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ABSTRACT 

Project  PYRO  consisted  of  a  comprehensive  program  to  determine  the  blast 
and  thermal  characteristics  of  the  three  liquid  propellant  combinations  in  most 
common  use  in  military  missiles  and  space  vehicles;  liquid  oxygen-RP-1  (I/Jg/RP-!) » 
liquid  oxygen- liquid  hydrogen  (LO_/LK  ) ,  and  nitrogen  tetroxide/50%  unsymmetrical 

.w 

■dimethylhydrazine  —50%  hydrazine  (N204/5°%  UDMH  -  50%  N^)  „  Kuring  the  course 

of  the  program  some  370  tests  were  conducted  with  these  propellant  combinations 
on  weight  scales  ranging  from  200  lo  io  100, *>00  lb.-  This  basic  explosive  test 
program;  was  supplemented  by  au&lyt inn’,  ansi  statistical  studies,  laboratory- 
scale  experimental  studies.' .  siiMiteviat  tests  with  inert  propellant  combinations 
and  tv  series  of  high-explosive  teati  for  calibration  and  evaluation  purposes. 

The  basic  test  program  was  designed  to  investigate  the  explosive  charac¬ 
teristics  of  the  three  propellant  combinations  for  the  most  credible  ways  that 
the  propellants  might-  accidentally  come  into  contact  with  each  other  and  re¬ 
sult  in  a  significant  explosion. 

The  results  of  the  basic  test  program  in  conjunction  with  the  analytical 
studies  and  prior  information  regarding  liquid  propellant  explosive  behavior 
were  used  as  the  basis  for  developing  methods  for  predicting  the  blast  and 
thermal  environment  that  would  be  expected  for  any  given  missile  or  space  ve¬ 
hicle  system  and  any  specified  failure  mode. 

In  the  prediction  method  the  thermal  environment  is  given  only  as  a  func¬ 
tion  of  propellant  type,  while  the  blast  environment  is  given  as  a  function  of 
a  number  of  controlling  parameters.  A  failure  mode  analysis  is  required  to  se¬ 
lect  the  appropriate  values  of  the  parameters  needed  to  predict  the  blast  en¬ 
vironment  for  a  specific  system. 
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FOREWORD 


This  report  was  prepared  by  URS  Systems  Corporation,  Burlingame,  Cali¬ 
fornia,  under  Air  Force  Contract  AF  04 (611) -10739,  which  supported  the 
NASA/USAF  Liquid  Propellant  Blast  Hazards  Program  (Project  PYRO)  conducted 
at  the  Air  Force  Rocket  Propulsion  Laboratory,  Edwards  Air  Force  Base, 
California.  The  URS  support  included  establishing  the  overall  design  of  the 
program;  analyzing  the  test  data;  developing  mathematical  models  relating 
the  pertinent  blast  characteristics  to  the  missile  failure  conditions; 
conducting  exploratory  studies;  designing  and  constructing  test  articles; 

providing  statistical,  ordnance,  and  instrumentation  consulting;  and  the 

/ 

writing  of  the  technical  reports. 

The  report  is  in  three  volumes:  Volume  1,  which  is  the  Technical 
Documentary  Report  on  the  basic  program;  Volume  2,  which  contains  the 
tabular  blast,  thermal  and  fragmentation  data  obtained  during  the  program; 
and  Volume  3,  which  presents  prediction  methods  and  recommendations  for 
use  of  the  PYRO  data  in  predicting  the  explosive  potential  of  full-scale 
missile  failures. 
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Section  1 

INTRODUCTION  AND  BACKGROUND 

In  the  early  1950 ’s  there  was  relatively  little  need  for  accuracy  in  pre¬ 
dicting  the  yield  potential  from  liquid  propellants  used  in  missiles  and  aero¬ 
space  vehicles.  A  conservative  approach  could  be  used  to  define  the  yield  be¬ 
cause  the  relatively  small  amounts  of  propellants  involved  did  not  require  that  ' 
total  safety  distances  be  very  great.  Launch  vehicles  contained  no  more  than 
100,000  to  300,000  lb  of  propellants,  so  that  yield  percentages  up  to  50%  or 
greater  resulted  in  clearance  distances  no  greater  than  2,000  to  3,000  ft.  It 
was  a  common  practice  at  that  time  to  treat  the  explosive  behavior  of  liquid 
propellants  in  the  same  fashion  as  that  of  standard  solid  high  explosives.  A 
given  propellant  combination  was  considered  to  have  a  fixed  yield  value  and 
the  same  distribution  of  blast  wave  characteristics  with  distance  as  7.TKT.  Thus 
the  explosive  potential  could  be  represented  by  a  single  yield  number  relative 
to  TNT. 

It  was  recognized  that  this  was  only  a  crude  approximation,  since  unlike 
normal  high  explosives,  liquid  propellants  are  not  premixed  and  the  explosive 
characteristics  can  vary  widely  depending  on  the  degree  of  mixing,  which  in 
turn,  depends  on  factors  such  as  tank  configuration,  specific  failure  mode,  and 
time  of  ignition.  However,  there  was  insufficient  information  available  con¬ 
cerning  the  effect  of  these  factoi  on  explosive  yield  to  provide  the  basis 
for  deriving  a  better  prediction  method. 


Until  1960  ,he  quantities  of  propellants  of  interest  remained  relatively 
small,  so  that  use  of  conservative  and  fixed  yield  values  was  not  too  much  of 
a  problem.  Within  the  last  few  years,  however,  tremendous  Increases  have  oc¬ 
curred  in  vehicle  propellant  weights,  Saturn-V  contains  almost  6  million  lb 
of  liquid  propellants.  These  order-of-magnitude  increases  in  propellant  weights 
with  their  associated  increases  in  required  clearance  distances  no  longer  per¬ 
mit  the  luxury  of  ultraconservatism  in  determining  propellant  yields.  Clear¬ 
ance  distances  for  pre-launch,  launch,  and  post-launch  safety  have  become 
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critical  because  of  their  effects  on  other  programs  located  nearby.  Personnel 
must  be  evacuated  or  given  adequate  protection.  Launch  vehicles  and  complexes 
must  be  located  at  distances  great  enough  to  provide  low  hit  probabilities  in 
case  destruct  action  is  required.  All  of  these  requirements  add  to  costs  in 
time  delays,  required  real  estate,  precount  and  countdown  interference,  and 
facilities.  These  Increased  costs  dictated  the  need  for  development  of  more 
precise  means  of  deters  ning  realistic  and  most  probable  yields  in  case  of  pre¬ 
launch  and  launch  abort  i. 

In  addition  to  siting  and  general  operating  criteria,  the  ability  to  pre¬ 
dict  propellant  explosive  characteristics  is  required  to  define  hazard  envel¬ 
opes.  These  requirements  generated  the  need  for  more  detailed  data  concerning 
the  blast  and  thermal  environments  resulting  from  propellant  explosions,  e.g. , 
peak  overpressure,  positive-phase  Impulse  and  duration,  fireball  temperature 
and  duration,  and  heat  flux-time  histories. 

The  strong  requirement  for  an  Improved  and  more  realistic  method  for  pre¬ 
dicting  the  environment  from  liquid  propellant  explosions  and  the  lack  of  in¬ 
formation  on  which  to  base  such  an  improved  method  led  the  Air  Force  Eastern 
That  Range  and  the  NASA,  who  Jointly  had  the  prime  concern  for  launching  mis¬ 
sile  systems  and  space  vehicles,  to  look  to  a  new  test  program  to  better  define 
the  problem.  This  resulted  in  Project  FYRO,  a  combined  experimental  and  ana¬ 
lytical  program  to  define  the  propellant  blast  environment  for  the  three  common 
propellant  combinations,  liquid  oxygen-RP-1,  liquid  oxygen  —liquid  hydrogen, 
and  nitrogen  tetroxide/50%  unsyrametrical  dimethylhydrazine  - 50%  hydrazine. 

The  end  result  of  the  program  is  a  method  for  predicting  the  blast  and  thermal 
environment  that  would  be  expected  for  any  given  missile  or  space  vehicle 
for  a  wide  range  of  failure  modes. 

This  program  was  under  the  overall  direction  and  sponsorship  of  the  PYRQ 
Steering  Committee,  which  consisted  of  representatives  from  NASA  Marshall  Space 
Flight  Center,  NASA  Kennedy  Space  Center,  the  Air  Force  Eastern  Test  range,  and 
the  Sandia  Corporation. 
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This  is  the  final  report  of  this  program  and  consists  of  three  volumes: 
Volume  1,  the  comprehensive  technical  report  on  the  basic  program;  Volume  2, 

Test  Data;  and  Voluma  3,  Prediction  Methods.  Volume  1  (herein)  contains  an  in¬ 
troduction,  objectives,  and  general  approach  as  the  first  three  sections. 

These  are  followed  by  the  presentations  of  the  hypergolic  and  cryogenic  test 
program,  including  test  design,  test  conditions,  results,  and  discussion  of  re¬ 
sults  in  Sections  4  and  5,  respectively.  These  sections  also  show  the  deriva¬ 
tion  of  the  methods  for  predicting  blast  yields.  Hie  results  of  the  thermal 
program,  laboratory  supporting  programs,  and  a  summary  of  the  findings  and  con¬ 
clusions  are  given  in  Sections  6,  7,  and  8. 

A  glossary  and  appendices  follow,  including  descriptions  of  the  blast  in¬ 
strumentation  system;  the  statistical  procedures  used  in  the  analysis  of  the 
blast  data;  and  the  thermal  instrumentation  system.  The  final  appendix  lists 
a  number  of  "ride  along”  R&D  programs,  which  although  not  a  part  of  Project 
PYRO,  used  the  blast  and  thermal  environment  provided  by  the  liquid  propellant 
explosions,  particularly  on  the  large-scale  tests,  for  a  variety  of  experiments, 
including  structural  response,  ground  shock  measurement,  cloud  tracking,  and 
evaluation  of  Instrumentation. 
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Section  2 
OBJECTIVES 

Hie  overall  objective  of  this  program  was  to  establish  data  and  methods 

for  predicting  the  credible  damage  potential  which  would  be  experienced  from 

the  accidental  explosion  of  the  liquid  propellant  combinations  N_0  /50%  UDitH  — 

«  4 

50%  N2H4,  L02/RP-1,  and  LOg/LH^ . 

Based  on  experimentally  derived  data,  analytical  and  statistical  work,  and 
laboratory  studies,  the  end  product  would  be  a  method  for  predicting  the  sur¬ 
face  blast  and  thermal  environment  that  would  be  expected  for  any  given  missile 
or  space  vehicle  system  for  a  wide  range  of  failure  modes. 
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Section  3 
GENERAL  APFROACH 

This  section  of  the  report  describes  the  general  approach  used  in  the  se¬ 
lection  of  the  test  conditions  for  the  PYRO  program.  It  starts  with  a  discus¬ 
sion  of  the  fundamental  differences  expected  in  explosive  behavior  of  hyper- 
golic  and  cryogenic  propellants  and  why  these  led  to  somewhat  different  approa¬ 
ches  being  used  for  the  two  classes  of  propellants.  This  is  followed  by  a 
description  of  the  general  approach  used  for  the  hypergolic  propellants.  Hie 
last  and  major  portion  of  this  section  covers  in  detail  the  rationale  for  the 
selection  of  the  test  conditions  and  parameter  variations  for  the  cryogenic 
propellant  combinations . 

The  information  available  at  the  time  the  basic  test  design  philosophy 
was  being  established  indicated  that  hypergolic  propellants  tend  to  have 
significantly  different  explosive  characteristics  from  cryogenic  propellants. 
For  cryogenic  propellants,  scaled  model  tests  had  Indicated  that  significant 
explosive  yields  were  possible  for  a  large  variety  of  missile  and  failure 
conditions  (Refs.  3-1  to  3-6).  Thus,  it  was  clear  that  a  comprehensive 
testing  program  would  be  necessary  to  evaluate  the  effect  of  the  various 
important  parameters  of  the  process.  It  was  less  clear,  however,  that  a 
comprehensive  test  program  would  be  required  for  the  hypergolic  propellant 
combination  since  these  propellants  ignite  on  contact,  and  within  a  few 
milliseconds  or  tens  of  milliseconds  (at  ambient  temperature),  the  reaction 
has  proceeded  far  enough  to  produce  visible  flames.  This  spontaneous 
ignition  behavior  tends  to  limit  the  explosive  potential  of  hypergolic 
propellants.  In  order  for  a  propellant  mixture  to  produce  a  large  explosive 
yield,  it  is  necessary  for  one  of  the  propellants  to  be  in  a  state  of 
fine  subdivision  or  solution  and  dispersed  uniformly  throughout  the  volume 
of  the  other  propellant  at  the  time  of  ignition.  This  permits  the  majority 
of  the  available  reaction  energy  to  be  released  fast  enough  to  contribute 
to  explosive  effects.  With  hypergolic  propellants,  reaction  starts  on 
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initial  contact  and  continues  throughout  the  mixing  process.  Since  the 
time  involved  in  mixing  the  two  propellant  masses  together  to  create  the 
state  of  subdivision  of  one  in  the  other  required  for  explosive  effects 
is  usually  long  compared  with  the  time  Interval  required  for  their  reaction 
to  proceed  to  its  completion  spontaneously,  it  is  difficult  to  get  signi¬ 
ficant  explosive  effects  from  hypergolic  propellants.  Test  results  by 
other  investigations  (Refs.  3-7  to  3-9)  tended  to  confirm  this. 

For  this  reason,  the  philosophy  used  for  the  testing  of  the  N^O^/50% 

UDMH —  50%  N  H  propellant  combination  was  to  concentrate  the  initial  test- 

A  4 

ing  on  certain  limiting  conditions  which  tend  to  maximize  the  explosive 
yield.  If  under  these  conditions  no  significant  yields  were  obtained, 
further  testing  with  other  failure  conditions  could  be  minimized. 

From  the  foregoing  it  is  evident  that  the  most  serious  mixing  conditions 
(with  regard  to  explosive  effects)  for  hypergolic  propellants  are  those  which: 

1,  Lead  to  extremely  rapid  mixing,  or 

2.  Lead  to  confinement  of  the  reacting  products.  (In  this  case, 
although  the  reaction  itself  need  not  be  explosive,  confinement 
of  the  reaction  can  build  up  pressures  which  can  create  signifi¬ 
cant  blast  effects  if  suddenly  released.) 

From  a  practical  point  of  view,  the  specific  failure  modes  which  would 
lead  to  these  conditions  are  high-velocity  impact  or  an  explosive-donor 
situation,  which  might  occur  if  both  cryogenic  and  hypergolic  propellants 
are  used  in  the  same  vehicle. 

Accordingly,  in  the  initial  test  program,  the  major  effort  was  placed 
on  these  two  failure  modes.  Two  other  conditions  were  selected  for  minor 
testing,  command-de struct  and  confinement-by-the  missilo  (the  rapid  removal 
of  a  diaphragm  between  the  compartments  containing  the  fuel  and  oxidizer) . 

A  100-ft  tower  drop  series  was  added  to  the  program  later. 

This  relatively  simple  upper  limit  approach  was  not  practical  for 
the  cryogenic  propellant  combinations  because  of  the  anticipated  large 
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number  of  conditions  under  which  significant  yields  would  be  obtained  and 
the  corresponding  large  number  of  potentially  Important  variables. 

The  basic  objective  in  the  cryogenic  test  program  was  to  test  with 
a  limited  number  of  generalized  test  configurations  selected  so  that  the 
results  from  the  tests  would  be  generally  applicable  to  any  tankage  configura¬ 
tion  and  failure  mode  combination.  The  selection  of  the  test  configurations 
was  based  on  the  generalized  concept  of  the  missile  failure  and  explosive 
process  shown  in  Fig.  3-1  and  described  below. 

Five  basic  variables  of  the  initial  configuration  were  considered  of 
prime  concern  with  regard  to  the  ultimate  explosive  yield.  These  were 
the  propellant  type,  the  tank  configuration,  the  failure  mode,  the  launch- 
pad  geometry,  and  the  ignition-source  configuration.  The  tank  configura¬ 
tion,  failure  mode,  and  the  launch-pad  geometry,  in  turn,  largely  determine 
the  gross  space— time  history  of  the  propellants,  although  the  propellant 
type  may  also  play  an  important  role.  The  gross  space— time  history  of 
the  propellants,  controlled  by  the  boundary  and  initial  conditions,  determines 
how  the  two  propellants  come  into  contact  with  each  other  and  thereby 
determines  the  explosive  effects  as  a  function  of  time.  The  time  of  ignition 
depends  on  the  ignition  source  configuration,  the  space  time  history  of  the 
propellants  and  the  propellant  type. 

The  design  approach  used,  which  was  termed  the  Generalized  Propellant 
Interaction  Approach,  was  based  on  the  assumption  that  although  the  detailed 
course  of  propellant  mixing  may  be  too  complicated  to  admit  to  detailed 
analysis,  propellants  undergoing  similar  mixing  conditions  will  lead  to 
mixtures  having  similar  explosive  properties.  In  other  words,  any  time 
two  propellant  masses  interact  or  come  into  contact  with  each  other  in  the 
same  fashion  (and  with  the  same  constraints),  it  was  assumed  that  the 
explosive  yield  as  a  function  of  time  after  initial  contact  will  be  the 
same.  Further,  it  was  assumed  that  all  propellant  spillage  configurations 
can  be  analyzed  in  terms  of  a  few  basic  types  of  interactions,  called  basic 
mixing  modes. 
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The  objectives  oi  the  explosive  testing  were,  first,  to  determine 
which  parameters  of  potential  interest  in  the  interaction  of  two  propellant 
masses  have  a  significant  influence  on  the  explosive  yield  time  relationship 
and,  second,  to  determine  the  quantitative  nature  of  the  influence. 

The  main  tasks  in  the  overall  design  of  the  test  program  were  to  identify 
the  parameters  of  potential  interest,  to  establish  the  number  of  levels 
of  each  parameter  for  testing,  and  insofar  as  possible,  to  determine  how 
best  to  scale  the  parameters  for  testing. 

Since  the  basic  mixing  modes  are  really  just  convenient  groupings  of 
interaction  types  controlled  by  the  same  genera'  parameters,  it  was  appro¬ 
priate  to  give  general  consideration  to  all  the  parameters  of  potential 
interest  in  the  interaction  of  two  propellant  masses  prior  to  selecting  the 
basic  mixing  modes.  For  this,  it  was  convenient  to  divide  the  parameters 
into  the  following  general  classes: 

1.  Specific  properties  of  propellants 

2.  Initial  conditions  of  propellants 

3.  Boundary  conditions  (nature  of  environment) 

4.  Ignition  conditions 

Although  many  of  the  specific  properties  of  the  propellants,  such  as 
density,  viscosity,  heat  capacity,  conductivity,  boiling  and  freezing 
points,  and  he&ts  of  fusion  and  vaporization,  were  expected  to  be  important 
in  the  mixing  process,  they  were  not  subject  to  variation  except  in  large 
discrete  steps  (that  occur  when  propellant  type  changes),  i.e.,  they  were 
fixed  once  the  propellant  type  and  initial  conditions  were  specified. 
Accordingly,  the  only  parameter  in  Class  1  that  entered  directly  into 
the  test  program  design  was  the  propellant  type. 

The  initial  conditions,  i.e.,  the  conditions  at  the  time  of  first 
contact  of  one  propellant  with  the  other,  consist  of: 
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1.  State  of  propellants 

2.  Spatiax  distribution  of  propellants 

3.  Velocity  distribution  of  propellants 

The  boundary  conditions  consist  of* 

1.  Spatial  distribution  of  surfaces  that  control  the  flow  of 
propellants  during  mixing 

2.  Characteristics  of  the  air  and  surfaces  through  and  along  which 
the  propellants  fall  or  flow  during  mixing 

The  ignition  conditions  consist  of: 

1.  Time  of  ignition  (from  first  contact  of  propellants) 

2.  Nature  of  ignition  source 

Each  class  of  conditions  is  discussed  in  the  following,  leading  to 
the  selection  of  the  variables  investigated. 


INITIAL  CONDITIONS 


State  of  Propellants 


In  theory,  the  propellants  could  be  in  any  of  three  states  (gas, 
liquid,  solid),  or  a  mixture  thereof.  They  also  could  be  mixed  with 
ambient  gas  (assumed  to  be  air)  in  any  proportion.  In  practice,  however, 
for  any  giver,  propellant,  only  certain  states  appeared  reasonable. 

These  are  listed  below: 

1.  RP-1 :  liquid  state,  negligible  mixing  with  ambient  air 

2.  LOj,:  liquid  state,  negligible  mixing  with  ambient  air  (Although 
LO2  boils  rapidly  in  ambient  air  or  on  contact  with  surfaces, 
primary  concern  is  with  large  quantities  and  with  massive  spills, 
so  that  the  fraction  of  LO2  vaporized  at  the  time  of  first  con¬ 
tact  is  assumed  negligible.) 

3.  LH2:  (a)  liquid  state,  negligible  mixing  with  ambient  air, 

(b)  gaseous  state,  mixed  with  ambient  air,  or  (c)  combination 
of  (a)  and  (b) 
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Because  of  the  low  density  of  the  gaseous  H„  (GH  ) ,  it  Is  not  likely 

A  mt 

to  react  significantly  with  LO  but  only  with  the  gaseous  oxygen  of  the  air 

z 

or  that  produced  by  vaporization  of  LO  .  Thus,  the  mixing  process  for 

z 

GH  ,  is  entirely  different  from  that  for  L0./RP-1  or  L0o/LH  .  Sufficient 
2  Z  Z  2 

effort  was  not  available  during  this  program  to  conduct  an  investigation 
into  GH  /air  mixture,  however,  some  work  has  been  done  in  this  area  by 
other  investigators. 

Spatial  Distribution 


With  the  foregoing  assumptions,  it  would  appear  possible  to  describe 

the  initial  distribution  of  LO  ,  LH  ,  and  RP-1  in  terms  of  (1)  the  total 

z  z 

weight  (W),  (2)  the  shape  (with  one  or  more  variables),  and  (3)  the  position 
of  the  mass  (with  one  or  more  variables).  There  were  innumerable  ways 
of  characterizing  shape;  however,  considering  the  generalized  nature  of  the 
basic  approach,  it  appeared  adequate  to  use  a  single  variable,  L/D,  which 
specifies  the  ratio  of  the  average  height  (or  length),  L,  of  the  propellant 
mass  to  a  characteristic  dimension,  D,  of  a  cross  section  normal  to  the 
height.  In  essence,  this  was  equivalent  to  approximating  all  shapes  by 
cylinders.  Because  gravitational  potential  varies  with  height,  greater 
emphasis  was  given  to  it  than  to  the  other  dimensions. 

Since  the  initial  conditions  are  defined  as  those  which  exist  when  the 

propellant  massses  first  contact  each  other,  and  since  the  shape  and  weight 

are  already  specified,  the  only  position  variable  necessary  is  orientation, 

i.e.,  which  propellant  is  on  top.  This  assumes  that  primary  concern  is 

with  initial  interfaces  that  are  horizontal  and,  furthermore,  that  the 

cylinders  are  concentric.  Considering  initial  vertical  interfaces  to  be  of 

secondary  importance  does  not  seem  unreasonable,  because  it  was  unlikely 

that  they  could  be  very  large  and  they  would  very  likely  be  unstable  (not 

* 

persisting  very  long).  The  justification  for  assuming  concentricity  is 
that  this  was  a  credible  condition  which  tended  to  maximize  mixing. 


★ 


This  point  is  discussed  in  more  detail  later. 
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Velocity  Distribution 

Although  it  is  possible  to  conceive  of  a  wide  variety  oi  velocity 
distributions  at  the  time  of  initial  contact,  when  consideration  is  given 
to  the  mechanisms  by  which  the  propellant  masses  achieve  their  velocity 
(primarily,  gravitational  or  pressure  forces),  it  did  not  seem  unreason¬ 
able  to  assume  that  the  entire  mass  of  one  propellant  will  have  the  same 
net  translational  velocity  and  that  the  rotational  velocity  will  be  small 
compared  to  it. 

BOUNDARY  CONDITIONS 

Space  Distribution  of  Rigid  Surfaces 

The  major  types  of  rigid  surfaces  in  the  vicinity  of  launch  sites  that 
can  modify  the  flow  of  propellants  during  the  mixing  process  are: 

1.  The  vehicle  itself 

2.  The  basic  launch-site  geometry 

3.  Miscellaneous  close-in  launch  facilities  and  structures,  such  as 
service  towers,  cribs,  and  flame  deflectors. 

In  general,  the  sizes  of  surfaces  in  Item  3  tend  to  be  much  smaller 
than  those  in  1  or  2,  so  that  their  effects  were  not  included  in  the  basic 
program.  Obviously,  there  are  some  exceptions.  Perhaps  most  important 
is  the  silo  case,  where  the  crib,  platforms,  and  miscellaneous  equipment 
may  significantly  modify  the  flow.  It  is  believed  that  these  surfaces 
were  of  too  special  a  nature  to  be  Included  as  a  generalized  boundary 
condition  and  that  estimation  of  the  blast  effects  from  these  special 
cases  would  have  to  be  made  by  considering  various  portions  of  the  flow 
separately  (so  that  it  would  be  possible  to  use  a  generalized  boundary 
condition  for  each),  and  combining  results  to  get  the  overall  effect. 

The  vehicle  itself  would  affect  the  flow  of  fluid  during  the  mixing 
process  in  various  ways,  perhaps  the  most  important  of  which  occurs  when, 
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due  to  internal  failure,  mixing  starts  inside  the  tank  walls.  Once  the 

propellants  are  outside  the  vehicle  tankage,  its  role  would  tend  to  be 

* 

secondary,  compared  with  the  ground  surface,  in  modifying  the  flow. 

For  a  flat-pad  geometry,  the  ground  surface  is  expected  to  be  generally 
flat  or,  at  most,  have  small  curvature  since  it  is  unlikely  to  have  large 
slopes  over  large  areas. 

Accordingly,  we  can  conceive  of  two  basic  types  of  boundary  conditions 
w^'lch  depend  on  the  extent  of  the  rigid  walls: 

1.  Confinement  by  the  missile 

2.  Confinement  by  the  ground  surface 

Actually,  however,  within  the  framework  described  above,  there  are  two 
other  cases  which  were  not  included  in  the  basic  program.  These  are  confine¬ 
ment  by  the  ground  surface  and  vertical  walls  and  no  confinement,  i.e., 
where  mixing  occurs  in  the  absence  of  any  confining  surface. 

The  confinement-by-the-ground-surface-and-vertical-wall  case,  which 
would  most  typically  be  the  silo  geometry  was  originally  planned  to  be 
included  in  the  program  but  with  less  emphasis  than  the  other  cases.  However, 
as  the  program  proceeded  and  the  fr.il  1  extent  of  the  testing  needed  for  the 
other  cases  became  evident  this  case  was  essentially  eliminated  from  the 
program  because  it  was  of  much  less  practical  interest  than  the  others. 

The  LO  /RP-1  propellant  combination  in  a  silo  geometry  had  been  studied  for 

a 

propellant  weights  up  to  200-lb  in  previous  URS  programs  (Refs.  3-3  and  3-5). 
Information  from  these  programs  combined  with  the  iew  tests  with  the  LO  /LH 

A 

propellant  combination  which  were  left  in  this  program  would  provide  at 
least  a  minimum  data  base  for  this  geometry. 


How  the  vehicle  fails  is  very  important  in  determining  the  space— time 
history  of  the  propellants;  however,  these  effects  were  considered  under 
initial  rather  than  boundary  conditions. 
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The  no-confinement  case  was  not  included  because  of  the  very  small 
explosive  yields  anticipated  for  this  condition.  Unless  there  is  a  large 
velocity  difference  between  the  two  propellants  (which  is  unlikely  when 
both  are  in  free  air),  there  are  no  significant  forces  holding  the  two 
masses  together.  Thus,  even  a  small  pressure  generated  by  vaporization 
of  a  small  amount  of  one  of  the  p.’opellants  at  the  boundary  between  the 
two  masses  would  be  sufficient  to  separate  them  and  minimize  mixing. 
Confirmation  of  this  concept  has  been  obtained  by  experimental  testing 
of  propellant  quantities  up  to  250  lb  (Ref.  3-4). 

SUMMARY  OF  PARAMETERS 

A  summary  of  important  parameters  is  presented  in  Table  3-1.  Examina¬ 
tion  of  this  list  suggests  that  the  basic  mixing  modes  are  identified  primarily 
by  the  boundary  conditions,  although  within  each  of  the  latter  further 
subdivision  was  necessary,  particularly  with  regard  to  flow  direction. 

Using  a  breakdown  by  boundary  conditions,  it  was  possible  to  determine 
which  initial -condition  parameters,  and  ranges  in  value,  were  appropriate 
for  each. 

BASIC  MIXING  MODES 
Confinement  by  the  Missile 

In  this  case  an  internal  failure  is  assumed  co  occur,  and  one  propellant 
falls  down  into  the  other.  This  failure  condition  could  occur  in  either 
the  static  test  stand,  launch,  or  in-flight  mode.  Cause  of  failure  could 
be  bulkhead  rupture  from  overpressurization  of  a  propellant  compartment, 
engine  blowup  sending  fragments  through  the  bulkheads,  etc.  The  position 
and  velocity  distributions  of  the  lower  propellant  at  the  moment  of  first 
contact  are  fairly  well  specified,  since  it  is  assumed  to  be  in  its  original 
configuration  and  to  have  zero  velocity.  Those  of  the  upper  propellant, 
however,  may  have  a  large  range  of  values,  depending  on  how  full  the  tanks 
are  and  how  large  an  opening  is  created  between  them.  If  a  relatively 
small  opening  is  produced,  the  L/D  ratio  of  the  top  propellant  will  be 


3-10 


URS  652-35 


AFRPL-TR-68-92 


Table  3-1 


SUMMARY  OF  PARAMETERS 


Propellant  Properties 


P,T.  (propellant  type) 

Initial  Conditions 
W  (weight ) 

h/D  (length-to-diameter  ratio) 

P.0.  (propellant  orientation) 

V  (velocity,  horizontal) 

n 

Vy  (velocity,  vertical) 

Boundary  Conditions 

Confinement  by  the  missile  (CBM) 
Confinement  by  the  ground  surface  (CBGS) 

Ignition  Conditions 
T  (time) 

I.T.  (type) 


S&ftW 
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effectively  very  much  greater  than  that  of  the  bottom  one,  and  its  total 
weight  (entering  into  the  mixing  at  an  early  enough  stage  to  be  a  matter 
of  concern)  will  be  much  smaller  than  that  for  the  bottom  one.  In  addition, 
the  top  propellant  will  have  an  initial  velocity  given  by  the  fluid  head 
in  the  top  tank  and  the  pressure  differential  bet veen  the  two  tanks.  As 
the  opening  between  the  tanks  becomes  larger,  the  L/D  ratio  and  effective 
weight  of  the  upper  propellant  more  nearly  approaches  the  values  they 
originally  had  in  the  missile.  In  addition,  at  the  time  the  opening  between 
the  tanks  is  the  full  cross  section  of  the  original  tank,  the  velocity 
would  reach  the  value  given  by  the  acceleration  of  gravity  through  the 
distance  of  the  ullage  space  in  the  lower  tank,  provided  there  was  no 
pressure  difference  between  the  two  tanks  - 

In  the  case  where  the  opening  between  the  tanks  is  significantly  less 
that  the  full  cross  section  of  the  vehicle,  the  different  initial  L/D 
values  for  each  propellant  can  be  treated  by  assuming  that  the  L/D  ratio 
refers  to  the  over-all  vehicle  geometry  and  by  defining  a  DQ/Dt  ratio, 
where  Dq  is  the  opening  diameter  and  Dt  the  vehicle  diameter.  A  sketch 
of  the  CBM  test  configuration  is  presented  in  Fig.  3-2. 

Duration  of  the  confinement  by  the  missile  case  is  limited  to  the  time 
that  the  propellants  remain  confined  by  the  walls  of  the  vehicle.  This  time 
is  determined  by  the  strength  of  the  tankage,  the  rate  of  vaporization  of 
the  cryogenic  materials,  the  initial  pressure  in  the  tanks,  and  the  initial 
ullage  space. 

The  parameters  considered  to  be  of  primary  interest  for  this  case  and 
the  initial  ranges  in  values  were  as  follows: 

e  Propellant  type :  two  cases:  LOg/RP-l  and  LO^/LH^ 

•  Propellant  weight:  three  values:  200-lb,  1,000-lb  and  25,000-xO 

•  L/D  ratio:  two  values:  5  and  1.8  (selected  to  span  the  range  of 
credible  missile  geometries) 

•  D  /Da  ratio:  tvs  values:  1  and  0.45 

o  t _ 

•  Time  of  ignition:  minimum  of  three  values 

•  Type  of  ignition:  two  cases;  detonator  and  squib 
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Confinement  by  the  Ground  Surface 

A  relatively  large  range  In  initial  conditions  was  appropriate  for 
this  boundary  condition  because  of  the  large  variety  of  credible  failure 
modes.  For  example,  this  condition  could  occur  In  static  test  stand 
operations  from  overpressurizing  the  tanks,  where  the  tank  could  be  split 
open,  and  the  propellants  pour  out  on  the  test  stand  or  ground  surface. 

It  could  also  occur  at  the  launch  pad  both  by  the  overpressurization  of 
tanks  described  above  or  by  the  fallback  or  topple-over  of  the  entire  missile. 
Probably  the  most  severe  failure  mode  under  this  category  would  be  fallback 
from  a  high  altutude  or  powered  flight  impact  at  a  high  velocity.  Certain 
of  the  parameters  selected  for  study  were  quite  similar  to  those  for  the 
previous  case,  although  specific  values  were  not  identical.  These  include: 
the  propellant  type,  weight,  and  orientation  and  the  time  of  ignition. 


The  major  problem  for  this  case  was  in  establishing  the  appropriate 
L/D  and  velocity  conditions.  This  was  complicated  because,  theoretically, 
each  of  the  two  propellant  masses  may  have  a  different  L/D  and  magnitude 
and  direction  of  flow.  Thus,  there  really  were  six  parameters,  and  if  each 
were  permitted  to  take  on  two  values,  64  different  combinations  would  be 
obtained.  Fortunately,  certain  of  these  combinations  seemed  so  unlikely 
they  could  be  neglected.  Considering  first  each  parameter  separately, 
the  following  conclusions  were  reached: 

e  The  reasonable  L/D  conditions  were  that  both  propellant  masses 
may  have  high  or  low  ratios  or  that  the  bottom  propellant  mass 
may  have  a  low  and  the  top  one  a  high  ratio.  The  converse  of  the 
latter  condition  was  not  assumed  reasonable. 

e  The  reasonable  flow  direction  condfelons  were  for  both  propellants 
to  be  moving  either  vertically  or  horizontally  or  for  the  top 
propellant  to  be  moving  vertically  and  the  bottom  propellant 
horizontally.  The  converse  of  the  latter  conditions  was  not  assumed 
reasonable . 

•  The  reasonable  flow  magnitude  conditions  were  for  both  propellants 
to  have  either  high  or  low  velocity  or  for  the  top  propellant  to 
have  a  high  and  the  bottom  propellant  to  have  low  velocity.  The 
converse  of  the  latter  condition  was  not  assumed  reasonable. 
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Considering  next  the  Interaction  between  pa  raise  ice  rs ,  divided  into  the 
three  flow  direction  cases,  the  following  conclusions  were  reached: 

When  both  propellants  were  vertical: 

Although  all  three  flow-magnitude  cases  were  credible,  it  is  unlikely 
that  the  velocity  of  the  top  propellant  would  exceed  that  of  the  bot¬ 
tom  by  more  than  a  factor  of  about  two,  so  that  it  seemed  reasonable 
to  drop  the  case  where  the  propellants  had  differing  velocities. 

Although  all  three  1/D  cases  were  possible,  the  credible  ratios  were 
all  likely  to  be  equal  to  or  greater  than  typical  missile  values  and 
the  differences  in  ratios  between  the  two  propellants  did  not  seem 
likely  to  be  large.  It  appeared  reasonable,  therefore,  to  drop  the 
case  where  the  propellants  had  differing  L/D  ratios. 

When  both  propellants  were  horizontal: 

Only  the  relative  velocity  between  propellants  seemed  important,  so 
that  two  cases  should  suffice:  the  top  propellant  with  a  velocity 
high  or  low  relative  to  the  bottom  propellant. 

All  three  L/D  cases  are  credible,  except  that  it  seemed  possible  to 
cover  the  cases  of  interest  with  only  two  values  of  I^D,  since  it  is 
likely  that  all  L/D  ratios  will  be  much  less  than  typical  missile 
values. 

For  both  propellants  flowing  horizontally,  the  earlier  assumptions  that  the 
initial  interface  between  the  two  propellants  was  horizontal  and  that  the  pro¬ 
pellant  masses  have  concentric  axes  actually  did  not  appear  to  correspond  very 
closely  to  real  situations.  Ihe  most  likely  way  to  have  both  propellant  masses 
flowing  horizontally  at  the  time  of  the  first  contact  was  for  them  to  impact  the 
ground  separately  and  to  flow  into  one  another.  Ibis  results  in  nonconcentric 
propellant  masses,  and  at  the  moment  of  first  contact,  the  Interface  was  likely 
to  be  primarily  vertical.  However,  this  Initial  Interface  area  would  be  quite 
small  and  because  of  density  differences,  it  was  anticipated  that  as  the  pools 
overlap,  the  interface  would  be  primarily  horizontal. 

In  spite  of  these  differences,  however,  it  was  believed  that  the  major 
features  of  this  case  were  adequately  simulated  by  the  original  assumptions  of 
only  horizontal  interfaces  and  of  concentric  masses. 
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By  using  concentric  masses,  radial  symmetry  could  be  preserved,  which 
simplified  determination  of  the  gross  overlap  area  aa  a  function  of  time  and 
which,  perhaps  even  more  important,  simplified  Interpretation  of  the  resulting 
explosive  phenomena. 

In  summary,  the  parameters  considered  of  primary  interest  for  the  "conflne- 
ment-by-the-ground-surface"  case,  and  the  initial  ranges  in  values  were  as 
follows: 

Basic  Program:  Vertical  Flow  Direction  Case 

Propellant  type;  two  cases:  LOg/RP-l  and  LO^/LH^ 

Propellant  weight:  200,  1,000  and  25,000  lb 

I/D  ratio:  two  values  5  and  1.8  (selected  to  span  the  range  of  credible 
missile  geometries) 

Propellant  orientation:  two  cases 

Velocity:  four  values  (~15 ,  ^4,  ~100,  ~600  ft/sec) 

Tine  of  ignition:  three  values 
Basic  Program:  Horizontal  Direction  Case 

Propellant  type:  two  cases;  LOg/RP-l  and 
Propellant  weight:  2C0  lb 

I/D  ratio;  two  values  (top  propellant  fixed  at  a  typical  in-tank  value, 
bottom  propellant  variable) 

Propellant  orientation:  one  case:  LOg/RP-l,  LH2/LC>2 

Velocity:  two  values  (bottom  propellant  as  near  zero  as  practical,  top 

propellant  variable) 

Time  of  ignition:  three  values 

TEST  PROGRAM  MODIFICATIONS 

Continually  throughout  the  test  program  minor  modifications  were  mado  to 
the  outlined  test  Beries  and  a  number  of  additional  tests  were  added  to  investigate 
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in  more  detail  those  paranetera  showing  a  large  effect  on  explosive  yield.  Type 
of  ignition,  for  example,  was  dropped  as  a  significant  parameter  early  in  the 
testing  because  it  did  not  have  a  significant  effect  on  yield,  while  much  great¬ 
er  emphasis  had  to  be  given  to  time  of  ignition  to  properly  evaluate  its  effect 
on  yield.  The  full  scope  of  the  test  program  as  actually  conducted  is  described 
inSections4  and  S. 
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Section  4 

HYPERGOLIC  PROPELLANT  PROGRAM 


This  section  of  the  report  summarizes  the  existing  information  concerning 
the  explosive  potential  of  the  hypergolic  propellant  combination  nitrogen  tet- 
roxide/50%  unsymmetr ical  dimethylhydrazine  -  50%  hydrazine  (N_0  /50%  UEMH  -  50% 

A  4 

NgH^) .  The  summary  is  divided  into  three  parts.  Part  1  describes  the  tests  con¬ 
ducted  under  the  PYRO  Program,  Part  2  presents  the  information  available  from 
other  sources,  and  Part  3  contains  a  summary  of  all  the  data  and  the  conclusions. 

Part  1  -  PYRO  TEST  PROGRAM 

The  rationale  behind  the  test  design  of  the  PYRO  Hypergolic  Test 
Program  was  presented  in  Section  3,  the  discussion  of  the  general  approach. 

One  of  the  important  points  made  in  this  discussion  was  that  since  it 
should  be  relatively  difficult  to  obtain  significant  yields  with  hyper¬ 
golic  propellants  because  they  ignite  on  contact,  the  major  effort  during 
the  test  program  would  be  concentrated  on  the  more  severe  mixing  conditions. 

From  a  practical  point  of  view,  the  specific  failure  modes  which  could 
lead  to  these  conditions  are  high-velocity  irapact,  resulting  from  either 
powered  impact  or  fallback  from  a  high  altitude,  or  an  explosive-donor 
situation  which  might  occur  if  both  cryogenic  and  hypergolic  propellants 
are  used  in  the  same  vehicle. 

Accordingly,  in  the  initial  test  program,  the  major  effort  was  placed 
on  these  two  failure  modes.  Three  other  conditions  were  selected  for 
minor  testing:  command -de struct  in  which  the  two  propellant  compartments 
were  opened  by  explosive  shaped  charges;  conf inement-by-the-missile  (the 
rapid  removal  of  a  diaphragm  between  the  compartments  containing  the  fuel 
and  oxidizer);  and  tower  drop,  which  simulated  low-altitude  fallback  or 
seam  rip. 
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HIGH- VELOCITY  IMPACT  TESTS 


The  high-velocity  impact  test  series  consisted  of  15  tests  in  which 
200-  and  1000-lb  quantities  of  the  hypergolic  propellant  combination  were 
propelled  down  a  sled  track  at  speeds  ranging  from  340  to  580  fps  and 
allowed  to  impact  on  various  target  configurations. 

The  test  parameters  which  were  considered  important  for  the  high- 
velocity  impact  test  condition  were: 

•  Orientation  of  propellant  tanks  with  respect  to  the 
impacted  surface 

•  Velocity  of  impact 

•  Strength  of  propellant  tanks 

•  Strength  of  impacted  surface 

•  Geometry  of  impacted  surface 

Although  there  are  innumerable  tankage  configurations  that  can  be 
visualized  for  future  hypergolic  military  and  space  vehicles,  it  was  felt 
that  the  main  features  of  the  impact  process  could  be  studied  using  the 
conventional  tankage  configuration  for  existing  vehicles,  i.e.,  two  cylin¬ 
drical  tanks,  one  above  the  other,  with  the  resultant  length  greater  than 
the  diameter.  With  this  tankage  configuration,  two  impacting  geometries 
were  of  concern:  impact  on  a  surface  normal  to  the  cylindrical  axis 
(nose-on  impact)  and  impact  on  a  surface  parallel  with  the  cylindrical 
axis  (side-on  impact). 

Information  furnished  by  AFRPL  staff  members  indicated  that  a  reason¬ 
able  upper  limit  for  nose-on  impact  of  a  missile  (either  from  a  high- 
altitude  fallback  or  from  turn-around  and  power  impact)  is  about  500 
to  600  fps.  A  value  of  330  fps  was  selected  as  an  upper  limit  for  side- 
on  impact . 
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The  strength  of  the  tank  walls  could  Influence  the  impact  process 
under  some  circumstances.  However,  at  the  upper  end  of  the  impact  velocity 
ranges  of  interest,  pressures  generated  in  the  fluids  by  the  impact  signif¬ 
icantly  exceed  the  design  pressure  of  the  tanks.  For  this  reason,  tankage 
strengths  were  not  considered  as  a  significant  parameter  in  the  program. 

The  strength  of  the  impacted  surface  could  influence  the  Impact 
process  in  two  ways.  For  an  ideal  rigid  surface,  maximum  pressures  would 
be  developed  in  the  fluids  at  the  moment  of  impact,  which  would  lead  to 
uaximum  initial  velocities  of  the  fluids  after  tank  failure.  For  softer 
surfaces,  the  tank  will  be  decelerated  more  slowly,  and  lower  pressures 
will  be  generated  in  the  impact  process.  However,  some  cratering  of  the 
surface  would  be  expected,  which  could  lead  to  confinement  of  the  propel¬ 
lants  after  tank  rupture.  Since  confinement  and  also  high  mixing  velocity 
should  tend  to  increase  explosive  effects,  both  of  the  above  situations 
were  of  interest.  For  the  sof t-surface-ciatering  condition,  it  was  neces¬ 
sary  to  decide  on  the  type  or  types  of  surfaces  to  use  or  simulate.  (In 
order  to  avoid  simulation  of  the  strength  characteriscics  of  real  vehicles, 
it  seemed  easier  to  impact  on  a  rigid  surface  with  a  preformed  crater 
rather  than  attempting  to  actually  create  the  crater  during  the  impact 
process.)  In  a  true  fluid-fluid  impact  case  with  a  roughly  spherical 
impactor,  a  hemispherical  crater  is  formed.  Although  few  data  are  avail¬ 
able  regarding  fluid-fluid  impact  for  the  case  of  impactors  significantly 
longer  than  their  diameters,  it  was  anticipated  that  this  would  lead  to 
deeper  craters.  Accordingly,  for  nose-on  impact,  two  craters  were  used, 
a  shallow  crater,  roughly  hemispherical  (depth  equal  to  radius),  and  a 
deep  crater  with  a  depth  three  times  the  radius. 

The  initial  geometry  of  the  impacted  surface  is  perhaps  the  most 
difficult  of  all  the  parameters  to  generalize.  Simple  depressions  would 
act  in  a  manner  similar  to  craters,  whose  effects  have  already  been  dis¬ 
cussed.  Of  perhaps  more  importance  are  sharp  protuberances  from  the 
surface,  which  might  increase  the  breakup  of  large  fluid  masses  on  impact, 
particularly  those  protuberances  which  might  tend  to  force  the  propellants 
together.  Accordingly,  the  geometry  selected  for  the  shallow  crater,  nose- 
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on  impact  teat  consisted  of  a  hemispherical  depression  with  a  cylindrical 
rod  protruding  from  the  center,  the  rod  diameter  being  equal  to  one-third 
the  tank  diameter  and  the  crater  diameter  equal  to  twice  the  tank  diameter. 
For  side-on  impact,  a  flat  surface  with  two  parallel  walls  protruding  from 
the  surface  was  selected.  The  parallel,  wails  were  normal  to  the  tank  axes 
and  approximately  at  the  midpoints  of  the  two  tanks.  This  ensured  that 
at  least  half  of  each  propellant  mass  was  directed  into  the  spa  between 
the  walls. 


Hardware  and  Test  Design 


The  tanks  required  for  this  test  condition  were  designed  to  be  used 
on  the  K-2  sled  track  located  at  the  Naval  Weapons  Center,  (formerly  the 
Naval  Ordnance  Test  Station)  China  Lake,  California.  They  were  propelled 
down  this  track  by  solid-motor  propulsion  units  at  speeds  ranging  from 
340  to  580  fps  and  allowed  to  impact  the  various  target  configurations. 

The  criteria  for  the  design  of  these  tanks  were  determined  by:  (1) 
the  requirements  to  approximately  simulate  conventional  vehicles  with 
regard  to  shape;  (2)  the  desi  ability  of  using  minimum  weight,  strength, 
and  length-to-diameter  ratios  consistent  with  present  and  expected  usage; 
(3)  compliance  with  the  following  operations  restrictions  imposed  by  the 
Naval  Weapons  Center: 

•  Tanks  should  be  capable  of  withstanding  a  30-g  load  in 
any  direction 

•  Tanks  must  be  tested  to  20  psi  in  either  compartment 
with  the  other  vented  to  the  atmosphere. 

Sketches  of  the  aluminum  tanks,  designed  to  meet  these  require¬ 
ments  are  presented  in  Figs.  4-1,  4-2,  and  4-3.  The  tanks  were  designed, 
in  general,  in  accordance  with  the  ASME  code  procedures  outlined  in  Ref. 
4-1,  except  that  a  working  stress  of  8,000  to  9,000  psi,  instead  of  6,000 
psi,  was  utilized  because  of  the  nature  of  the  vessel  use.  The  tanks  were 
cylindrical  with  2:1  ellipsoidal  domed  ends.  The  domed  ends  and  the  side 
walls  were  1/8  in.  thick. 
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The  diaphragm  design  was  of  special  interest.  For  the  nose-on  impact 
tests,  the  critical  design  load  condition  for  the  diaphragm  of  the  16-in. 
tank  was  20  psi,  imposed  by  both  the  static  proof-test  load  and  the  30-g 
acceleration,  and  for  the  26-in.  tank,  37  psi,  imposed  by  the  20-g  accel¬ 
eration.  The  required  thickness  of  an  elastic  flat  plate  for  these  conditions 
was  approximately  3/16  in.  and  9/16  in.  for  the  16-  and  26-in. -diameter 
tanks,  respectively.  This  was  considered  unrealistic  for  the  nose-on 
impact  configuration,  since  diaphragms  of  these  thicknesses  might  be  expected 
to  inhibit  hypergolic  impact  mixing.  Therefore,  it  was  decided  to  utilize 
an  ellipsoidal  diaphragm  which  permitted  the  use  of  the  more  realistic 
material  thicknesses  of  1/16  in.  for  the  16-  and  3/32  in.  for  the  26-in. 
tanks.  For  the  side-on  impact  tast  tank,  it  was  decided  to  use  the  flat- 
plate  diaphragm.  In  this  configuration,  it  would  serve  as  a  tank  stiffener 
and  yet  have  negligible  effect  on  fuel  mixing  at  impact. 

Four  different  target  geometries  were  used:  flat-wall,  shallow-hole, 
deep-hole,  and  parallel-wall.  For  the  flat-wall  target,  a  massive  concrete 
block  was  faced  with  a  1-in. -thick  steel  plate,  8  ft  high,  and  16  ft  wide, 
with  a  12-in.  splash  shield  around  the  edge.  For  the  shallow— hole  and 
deep-hole  test  targets,  thf  base  was  faced  with  concrete  blocks  6  ft  in  cross 
section  and  having  cylindrical  cavities.  For  the  parallel-wall  target,  the 
massive  concrete  base  was  faced  with  a  steel  plate  from  which  two  vertically 
oriented  walls  protruded  perpendicular  to  the  plate.  A  diagonal  brace 
was  placed  between  the  vertical  walls  at  the  planned  impact  point  of  the 
tank  and  a  splash  shield  placed  across  the  top  of  the  vertical  walls. 

Sketches  and  photos  of  these  target  geometries  are  shown  in  Figs.  4-4  through 
4-8. 


In  addition  to  the  propellant  tests,  a  series  of  high-explosive 
calibration  tests  were  conducted.  The  purpose  cf  these  tests  was  to  obtain 
suitable  reference  curves  using  the  same  basic  geometry  and  height  of  burst 
as  in  the  propellant  impact  tests. 
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It  can  be  seen  that,  in  general,  the  calibration  results  were  as  expected. 

The  transition  if?  evident  for  peak  pressure,  being  apparently  well  underway  at 
the  38-ft  gauge  station  (d/W1/:!  of  about  15).  The  impulse  curve  falls  between 
the  two  reference  curves  and,  furthermore,  has  approximately  the  same  shape, 
suggesting  either  that  the  transition  is  complete  at  a  distance  closer  than 
the  nearest  station  or  that  it  commences  at  distances  greater  than  the  remote 
stations.  Since  rarefactions  from  the  target  edges  should  commence  decreasing 
the  impulse  at  smaller  distances  than  peak  pressure,  and  since  the  peak 
pressure  is  apparently  affected  at  close  distances,  presumably  completing 
its  transition  near  the  38-ft  gauge  station,  the  impulse  calibration  curve 
is  probably  that  which  would  be  obtained  without  the  presence  of  the  target. 

The  fact  that  its  magnitude  is  approximately  25  percent  greater  than  that 
for  the  18-lb  TNT  reference  curve  is  not  surprising,  because  of  the  differences 
between  TNT  and  pentolite  and  between  a  surface  burst  and  a  3-ft  HOB. 

No  significant  differences  in  the  gauge  line  magnitudes  were  apparent 
for  either  pressure  or  impulse.  The  possibility  of  peak-pressure  differences 
occurring  over  the  transition  region  might  be  anticipated  but  were  not  detectable. 

Impact  Test  Results 

The  individual  peak  overpressure  and  positive-phase-impulse  data  are 
presented  in  the  data  bank  in  Volume  2.  The  yield  values  which  have  been 
computed  from  these  data  using  the  basic  reference  curves  in  Figs.  4-11  and 
4-12  and  multiplying  by  a  factor  of  1,18  to  correct  for  the  difference 
between  pentolite  and  TNT  are  presented  in  Table  4-2 „  From  the  data  in 
Table  4-2  it  is  evident  that  some  of  the  computed  yields  tend  to  be  distance- 
dependent  Yields  computed  from  the  overpressure  for  all  gauge  lines  typi¬ 
cally  increase  with  increasing  distance.  Impulse  yields  for  the  30-deg  and 
60-deg  lines  tend  to  decrease  with  increasing  distance,  while  impulse  yields 
for  the  90-  and  180-deg  lines  tend  to  remain  relatively  constant  with  distance 
or  in  some  cases  show  a  slight  increase. 

In  addition,  the  data  indicate  that  large  shock  wave  asymmetries  were 
present,  even  at  the  outer  gauge  stations.  This  is  particularly  evident  for 
the  deep-hole-target  tests. 
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The  persistence  of  these  blast  asymmetries  over  the  entire  measuring 
range  tends  to  complicate  the  selection  of  appropriate  terminal  yield  values 
for  these  tests  since  the  test  geometry  is  not  completely  similar  to  the  full- 
scale  case  of  concern.  It  will  be  recalled  that  these  tests  were  intended  to 
simulate  nose-on  impact  of  a  vehicle  at  high  velocity  onto  the  ground  surface. 
The  flat-wall  target  was  selected  to  simulate  a  rigid  ground  surface,  in  which 
no  impact  cratering  would  occur,  while  the  deep-hole  target  simulated  a  soft 
ground  surface,  in  which  significant  impact  cratering  would  occur. 


In  the  full-scale  case  of  concern,  it  would  be  anticipated  that  blast 
pressure  would  be  radially  symmetrical  about  the  point  of  impact  along  the 
ground  surface  and  that  blast  asymmetry,  if  it  existed,  would  occur  in  a 
vertical  plane,  with  the  pressure  directly  above  the  impact  point  being  the  I 

highest.  Such  asymmetries  are  not  of  much  concern  since  pressure  along  the  j* 

"A 

ground  surface  would  be  of  most  importance  in  the  full-scale  case.  V 


In  the  test  geometry,  the  tankage  was  accelerated  along  the  ground  sur¬ 
face  on  a  sled  track  and  allowed  to  impact  on  a  massive  vertical  target  since 
this  was  the  only  practical  way  to  obtain  the  desired  high  velocities  and  the 
required  control  on  the  impact  point. 

The  important  differences  between  the  real  and  test  geometries  can  be 
understood  by  visualizing  that  the  test  geometry  is  created  by  rotating  the 
line  of  flight  of  the  test  tankage  and  a  section  of  the  ground  surface  the 
size  of  the  target  through  90  deg,  as  shown  in  Fig,  4-13. 

From  Fig.  4-13,  it  appears  that  the  pressures  along  the  90-deg  gauge 
line  in  the  test  geometry  case  would  most  nearly  correspond  to  the  pressures 
along  the  ground  surface  in  the  real  geometry.  The  pressures  along  the  30- 
and  60-deg  lines  in  the  test  geometry  tend  to  correspond  to  those  at  30  deg 
and  60  deg  from  the  vertical  in  the  real  geometry  and  thus  would  be  higher 
than  the  ground-surface  value.  The  pressures  alc-ng  the  ]G0-deg  gauge  lines 
in  the  test  geometry  would  tend  to  be  lower  than  the  ground- surf ace 
pressure  in  the  real  geometry. 
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Fig.  4-8.  Parallel-Wall  Target 
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The  test  conditions  for  each  of  the  propellent  teat*  end  the  calibration 
tents  are  presented  In  Table  4-1. 

These  tests  »ere  conducted  In  t vo  series.  Test  numbers  001  through  015 
were  conducted  In  Key,  June  and  July  of  1964  end  tret  numbers  065  through  081 
were  conducted  in  September  and  October  of  1065.  The  tankage,  test  conditions 
and  type  of  instrumentation  wore  the  same  for  both  test  series.  The  layout  of 
the  instrumentation  system,  however  was  quite  different. 

The  instrumentation  layout  used  for  the  first  series  is  shown  in  Fig.  4-9. 

* 

The  Kistler  gauges  were  installed  in  two  gauge  lines  30  and  60  deg  from  the 
track.  For  the  second  series  of  tests,  the  system  was  modified  to  obtain  wore 
information  on  the  blast  asymmetries .  The  6G-'deg  leg  was  moved  to  90  deg  tihti 
a  third  gauge  line  was  added  behind  the  target.  Hits  system  is  shown  in  Fig. 
4-10.  IXiring  this  second  series  a  gauge  was  installed  on  the  target  to  obtain 
c5ose-in  blast  information.  The  data  from  this  gauge  location  are  presented 
at  the  end  of  the  high-velocity  impact  discussions. 

During  both  test  series,  BEL  self-recording  pres sure -time  gauges  were 
also  installed  at  all  of  the  basic  measuring  stations  and  at  several  additional 
stations  at  longer  distances.  Since  the  pulse  durations  obtained  from  the  tests 
were  rather  short  for  correct  recording  by  the  BEL  gauges,  particularly  at  the 
close-in  stations,  and  since  the  Kistler  system  worked  well,  the  major  use  of 
the  BEL  data  was  in  checking  blast  asymmetry  at  long  distances. 

Calibration  Ttests 


The  calibration  tests  included  eight  with  18-lb  pentolite  spheres,  one  with 
a  105-lb  sphere,  and  three  with  216-lb  spheres.  The  pentolite  sphei-es  in  most 
cases  were  hung  in  fish  nets  at  the  horizontal  center  of  a  5-ft-high,  13-ft- 
wide ,  4-in. -thick  backup  plate;  3  ft  above  the  ground  surface  and  with  the  cen¬ 
ter  of  the  charge  approximately  1  ft  in  front  of  the  plate. 


Quartz  Piezoelectric  Air  Pressure  gauges  —  Kistler  Instrument  Co.  Models  6 01 A. 
Ballistic  Research  Laboratory. 
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These  considerations  suggested  two  possible  methods  for  estimating  appro¬ 
priate  terminal  yields: 

1.  Use  value  for  90-deg  gauge  line 

2.  Use  average  of  maximum  and  minimum  values  where  the  minimum  value  cor¬ 
responds  to  tnat  for  the  180-deg  line  and  the  maximum  value  to  that 
along  the  line  of  flight  (this  value  would  have  to  be  obtained  by  ex¬ 
trapolation) 

A  combination  of  the  two  methods  was  finally  selected  for  computing  the 
yields  for  the  tests  in  the  second  test  series.  This  method  involved  averag¬ 
ing  the  computed  yields  from  the  0-,  90- ,  and  180-deg  direction,  with  the  0- 
deg  value  obtained  by  extrapolation.  (Plots  demonstrating  the  method  for  ob¬ 
taining  the  extrapolated  value  are  given  in  Fig.  4-14.) 

When  data  were  available,  the  same  method  was  used  to  obtain  terminal 
yield  estimates  for  the  tests  conducted  during  the  first,  test  series;  however, 
for  tests  002  and  007  sufficient  data  were  not  available  to  make  this  compute- 
tion  and  thus  the  yields  quoted  are  estimated  values.  Ihe  computed  yield  val¬ 
ues  for  both  test  series  are  presented  in  Table  4-3. 


Close-In  Data 

During  the  second  high-velocity  test  series,  effort  was  devoted  to  measur¬ 
ing  the  close-in  blast  environment  overpressure.  Gauges  with  a  0-  to  30,000- 
psi  pressure  range  were  flush-mounted  2  ft  from  the  point  of  impact  in  the  flat- 
wall  targets  and  on  the  lip  of  the  deep-hole  targets.  Data  were  obtained  from 
two  tests:  069,  a  200-lb  deep-hole-target  test;  and  074,  a  1000-lb  deep-hole- 
target  test. 

The  analog  traces  for  these  two  tests  have  been  redrawn  and  are  presented 
in  Fig.  4-15.  Included  are  the  approximate  impact  times  of  the  tanks  and  the 
ignition  times,  which  were  obtained  from  the  film  records  and  the  maximum  peak 
overpressure  values , 
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0  30  90  180 


Azimuth  Angle  (deg) 
a.  Flat-Wall  Target  Tests 


0  30  90  180 


Azimuth  Angle  ideg) 
b.  Deep-Hole  Target  Tests 


Fig.  4-14.  Plots  of  Yield  as  a  Function  of  Azimuth  Angle  for  Selected 
Hypergolic  Impact  Tests 
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SMUT  or  TEST  COS©  IT  10X5 


TEST 

MO. 

WEIGHT 

(lb) 

TYPE 

IMPACT 

VELOCITY 

(fps) 

TARGET 

CONFIGURATION 

01C 

18 

tentolite 

- 

Flat  Wall 

02C 

18 

Pentol ite 

- 

Flat  Wall 

03C 

18 

Pentol Ite 

- 

Flat  Wall 

001 

200 

Na04/50-50 

570 

Flat  Wall 

002 

200 

N204/50-50 

575 

Shallow  Hole 

003 

200 

N204/50-50 

575 

Deep  Hole 

004 

200 

N204/50-50 

340 

Parallel  Wall 

006 

18 

Pentollte 

- 

Flat  Wall 

007 

200 

Nj04/50-50 

340 

Flat  Wall 

oet 

200 

N204/50-50 

340 

Deep  Hole 

009 

200 

N20„/50-50 

580 

Deep  Hole 

010 

200 

N204/50-50 

340 

Parallel  Wall 

Oil 

18 

Pentollte 

- 

Flat  Wall 

012 

1000 

Nj,04/50-50 

570 

Flat  Wall 

013 

1000 

N204 /50-50 

570 

Deep  Hole 

014 

216 

Pentollte 

- 

Flat  Wall 

015 

216 

Pentollte 

- 

Flat  Wall 

065 

18 

Pentollte 

- 

Flat  Wall 

067 

18 

Pentollte 

- 

Flat  Wall 

068 

200 

N2G4/ 50-50 

566 

Flat  Wall 

069 

200 

N204/50-50 

535 

Deep  Hole 

070 

18 

Pentollte 

- 

Flat  Wall 

071 

105 

Pentol ite 

Flat  Wall 

072 

1000 

N204/50-50 

585 

Flat  Wall 

073 

1000 

N204/50-50 

410 

Flat  Wall 

074 

1000 

N204/50-50 

557 

Deep  Hole 

081 

216 

Pentolite 

- 

Flat  Wall 
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Ifcble  4-3 

TERMINAL  YIELDS  FROM  HYPERGOLIC  IMPACT  TESTS 
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The  paik  otn*rpr*»*un»  twl  po«  1 1 1  r>-pba*«- lwpulaw  i»U  Iro«  thaa*  calibra¬ 
tion  teats  in  plotted  as  a  function  of  acalad  distance  in  Figs.  4-11  and  4-12, 
respectively.**  It  can  be  seen  that  the  data  points  for  each  plot  are  Intern¬ 
ally  consistent  in  that  they  tend  to  lie  along  a  sneoth  curve.  As  u  Measure  of 
the  reproducibility  of  the  results,  a  standard  deviation  was  calculated  froa 
the  percent  deviation  of  each  point  from  a  snoot h-curve  fit  through  all  of  tha 
data  points.  The  standard  deviation  (of  an  Individual  observation)  computed 
in  this  manner  for  pressure  was  11.9  percent  and  for  impulse,  7.6  percent. 

Also  included  In  Figs.  4-11  and  4-12  are  two  curves  (dashed  lines)  lllup- 
trating  expected  values  for  18  lb  of  a  standard  high  explosive  detonated  un¬ 
der  two  conditions:  one,  in  the  absence  of  the  target,  the  other  with  an  infin¬ 
ite  target.  (The  latter  condition  corresponds  to  36  lb  in  the  absence  of  the 
target.)  It  would  be  expected  that  the  blast  wave  characteristics  from  the  18- 
lb  pentollte  spheres  with  the  massive  target  would  correspond  to  those  from  a 
36-lb  charge  without  the  target  at  distances  less  than  the  minimum  target  di¬ 
mensions,  and  that  they  would  correspond  tc  those  from  an  18-lb  charge  without 
the  target  at.  distances  very  much  greater  than  the  minimum  target  dimensions. 
Although  there  should  be  a  gradual  transition  from  one  case  to  the  other,  the 
exact  manner  in  which  this  occurs  in  not  known. 


The  terms  "peak  overpressure"  and  "overpressure"  and  "positive-phase-im¬ 
pulse"  and  "impulse"  are  used  Interchangeably  throughout  this  report. 

These  data  as  well  as  the  propellant  test  data  have  not  been  corrected  for 
the  difference  in  ambient  pressure  between  sea  level  (14.7  psi)  and  that 
existing  at  the  test  site  (approximately  13.7  psi),  Hie  correction  is 
3mall  and  unnecessary  for  later  yield  computations,  because  it  is  common 
to  both  the  calibration  and  impact  test  data. 

For  overpressure,  these  curves  are  based  on  data  given  in  Ref.  4-;!  for 
composition  A  charges  (95%  RDX  -  5%  wax)  detonated  over  a  flat  surface  with 
a  scaled  HOB  of  0.94  ft/lb1/3.  (This  is  equivalent  to  a  3-ft  HOB  for  a 
36-lb  charge.)  These  data  were  used  since  suitable  pentollte  data  for  the 
proper  HOB  were  not  readily  available,  and  composition  A  has  explosive 
characteristics  very  close  to  those  of  pentollte.  For  impulse,  these 
curves  are  based  on  data  given  in  Ref.  4-3  for  a  surface  burst  of  TUT. 

These  data  were  used  since  neither  suitable  pentollte  nor  composition  A 
data  were  readily  available.  (It  is  estimated  that  the  18-  and  36-lb  TOT 
curves  would  be  obtained  with  about  15  to  30  lb  of  pentollte,  respectively.) 
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The  results  obtained  from  the  high-velocity  test  series  were  analyzed  to 
determine  whether  the  observed  variations  in  yield  with  the  different  test  con¬ 
ditions  could  be  considered  significant  in  a  statistical  sense. 

An  analysis  of  variance  was  first  performed  on  all  the  high-velocity  data, 
to  test  for  significance  of  the  scale  and  target  gviometry  effects.  This  analy¬ 
sis  was  performed  on  the  baste  date  without  transformation,  with  a  square  root 
transformation,  and  with  a  log1Q  transformation,  In  the  first  case,  the  vari¬ 
ance  is  assumed  independent  of  the  mean  value;  in  the  second  case,  the  variance 
is  assumed  to  be  proportional  to  the  mean  (or  the  standard  deviation  is  propor¬ 
tional  to  the  square  root  of  the  mean):  and  in  the  third  case,  the  variance  is 
assumed  to  be  proportional  to  the  mean  squared  (or  the  standard  deviation  is 
proportional  to  the  mean).  These  two  transformations  were  used  since  it  is  be¬ 
lieved  that  the  uncertainty  in  yield  value  as  expressed  by  the  ntaudard  devia¬ 
tion  tends  more  to  be  proportional  to  the  mean  than  independent  of  it.  Excap t 
for  cases  where  the  mean  value  is  quite  small,  the  log1Q  transformation  seema 
most  appropriate. 

The  results  of  the  analysis  on  both,  the  original  ami  transformed  data 
showed  that: 

* 

1.  The  scale  effect  was  not  significant  at  the  10-percent  level, 

2.  The  target  geometry  effect  was  significant  at  the  2,5-percent  level, 
i.e.,  the  deep-hole  geometry  gave  significantly  higher  yields  than 
the  flat-wall  target. 

3.  The  interaction  of  the  target  geometry  and  scale  effect  was  signifi¬ 
cant  at  the  10-percent,  level.  In  other  words  the  effect  of  target 
geometry  at  the  200-lb  scale  tended  to  be  somewhat  greater  than  at 
the  1000-lb  scale. 

Because  of  the  moderate  interaction  effect,  the  yield  data  were  next 


Refers  to  level  of  significance  used  in  the  statistical  test.  A  10-percent 
level  means  there  is  a  10  percent  probability  of  erroneously  rejecting  a 
valid  null-hypothesis. 
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Fig.  4-11 .  Peak  Overpressure  vs  Distance  for  Pentolite 
(flat-wall  target,  3-ft  HOB) 
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analyzed  for  scale  effect  separately  for  each  target  geometry.  Again  the 
original  data  and  the  two  transformations  were  used.  For  both  the  flat- 
wall  and  deep-hole  targets  the  data  exhibited  :io  significant  scale  effect 
(at  the  10-percent  level). 

Next,  an  analysis  was  performed  to  determine  whether  there  was  a 
significant  effect  of  velocity  between  the  mean  of  the  six  high-velocity 
observations  which  had  low-velocity  counterparts  and  that  of  the  three 
lower  velocity  observations:  Equality  of  population  variance  was  not 
assumed.  The  analysis  was  performed  on  both  the  original  and  transformed 
data.  No  significant  effects  were  detected  at.  the  10-percent  level. 

In  summary,  those  statistical  analyses  indicate  that: 

1.  The  deep-hole  target  gives  significantly  larger  explosive  yields 
than  the  flat-wall  target. 

2.  A  variation  in  impact  velocity  from  approximately  340  to  approxi¬ 
mately  570  ft/sec  does  not  significantly  affect  the  yield. 

3.  For  the  deep -hole  target  there  is  a  small  tendency  for  the  yield 
to  decrease  with  increasing  propellant  weight. 

In  addition  an  overall  estimate  of  the  experimental  variability  was  computed 
using  the  sets  of  duplicate  data  that  were  available  and  assuming  that  the  stan¬ 
dard  deviation  is  proportional  to  the  mean  yield.  For  this  computation  both  the 

* 

hype rgo lie  and  cryogenic  high-velocity- impact  data  were  used.  These  computa- 
tions  indicated  that  the  standard  deviation  in  yield  is  approximately  25%  of  the 
mean  yield.  Tbs  uncertainty  was  estimated  to  be  equal  to  two  standard  deviations, 

EXPlXIS I VE-D0N0R  TESTS 

Tsst  Conditions 

The  explosive-donor  case  is  similar  in  some  respects  to  the  high-velocity- 


The  cryogenic  high-velocity-impact  data  are  described  in  detail  in  Section  5. 
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Fig.  4-12.  Positive-Phase  Impulse  vs  Distance  for  Pentolite 
(flat-wall  target,  3-ft  HOB) 
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impact  case.-  The  major  difference  is  that  in  the  explosive-donor  case,  the  pro¬ 
pellants  are  subjected  to  a  short-duration,  very-high-pressure  loading  rather 
than  a  longer  duration,  moderate-pressure  loading,  as  in  the  high-velocity-im¬ 
pact  case. 

The  parameters  which  appeared  important  for  the  explosive-donor  situation  were: 

•  Geometry  of  propellant  tanks 

•  Weight  of  explosive  donor 

•  Location  of  explosive  donor 

•  Shape  of  explosive  donor 

•  Geometry  of  neighboring-  surfaces 

As  in  the  impact  tests,  the  most  important  geometry  of  the  propellant  tanks 
appeared  to  be  that  of  a  conventional  vehicle,  i.e.,  two  cylindrical  tanks,  one 
on  top  of  the  other  with  the  length-to-diameter  ratio  and  tank  strengths  being 
the  minimum  values  consistent  with  expected  usage. 


The  weight  of  potential  explosive  donors  could  vary  over  wide  limits.  How¬ 
ever,  there  are  several  factors  which  tend  to  narrow  down  the  range  of  primary 
interest .  First  it  can  be  shown  that  there  is  not  too  much  concern  with  donors 
whose  weight  approaches  that  of  the  propellants.  If  a  donor  equal  to  the  pro¬ 
pellant  weight  is  necessary  to  make  the  majority  of  the  propellants  react 
explosively,  then  the  resulting  explosion  is  not  much  worse  than  that  given  by 
the  donor  itself.  (An  increase  in  explosive  weight  by  a  factor  of  two  only 
increases  the  distance  at  which  a  given  peak  pressure  is  obtained  by  a  factor 
of  (2)  i/3  or  1.26.) 


On  the  other  hand,  too  siivalx  a  donor  may  not  be  anle  to  cause  the  propel¬ 
lants  to  mix  and  explode  (if  in  fact,  they  are  capable  of  exploding  under  the 
action  of  an  explosive  donor).  With  this  line  of  reasoning,  it  was  concluded 
that  the  range  of  interest  was  from  about  1  to  50  lb  for  200  lb  of  propellant. 


A  variety  of  shapes  and  locations  of  donors  were  considered  with  regard 
to  their  ability  to  create  extremely  fast  mixing.  These  included? 
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A  spherical  charge  on  top  of  the  tank 
A  disk  charge  on  top  of  the  tank 


•  Longitudinal  charges  spaced  at  intervals  around  the  tank  sidewall 

•  A  shaped  charge  on  top  of  the  tank  with  the  jet  directed  along  the 
axis  of  the  tank. 

With  the  assumption  that  rapid  mixing  can  occur  only  with  a  rapid  Increase 
in  interface  area,  it  appeared  that  the  spherical  and  disk  charges  would  be 
more  effective  than  the  longitudinal  charge.  Furthermore,  it  did  not  appear 
that  there  would  be  much  difference  in  effects  between  the  spherical  and  disk 
charges,  and  since  the  former  is  simpler,  the  disk  and  longitudinal  charges 
were  dropped  from  further  consideration.*  For  the  spherical  charge,  it  seemed 
appropriate  to  use  a  charge  weight  of  30  lb,  which  is  near  the  upper  end  of 
the  range  of  interest.  The  charge  was  placed  on  the  top  of  the  tank,  and  the 
tank  was  placed  on  the  ground  surface  to  take  advantage  of  the  confinement  of 
the  propellant  between  the  explosion  and  the  ground  surface. 


The  shaped  charge  differs  from  the  other  types  because  it  is  a  directed 
source  of  energy  release.  By  vaporizing  the  propellants  along  the  axis  of 
the  tank,  a  radial  velocity  should  be  given  to  the  remaining  propellants, 
which  may  lead  to  relatively  fast  mixing.  Since  the  possibility  of  an  actual 
shaped  charge,  particularly  of  large  size,  is  relatively  unlikely  in  an  actual 
missile  failure,  it  seeded  appropriate  in  this  case  to  use  a  charge  weight 
of  the  order  of  a  pound,  which  is  at  the  lower  end  of  the  range  of  interest. 

i>.  1-lb  shaped  RDX  charge  having  a  copper-lined  reentrant  cone,  with  a 
60-deg  apex  angle,  was  selected  for  this  purpose.  Such  a  charge  was  reported 
to  be  capable  of  penetrating  14  in,  if  steel.  This  charge  and  its  initiator 
were  oriented  so  that  a  fan-shaped  jet  was  directed  down  the  axis  of  the 
propellant  tanks. 


A  command  destruct  test  series  using  longitudinal  charges  was  conducted  later 
in  the  program, 


**'•> t;  'SWp,  -TJ'Vf  =**  r>sitT*tM  hfe-eet r  >»"k:  *■ 


For  both  types  of  tests,  the  tanks  were  approximately  29  in.  long  and  15 
in.  in  diameter  with  1/16-in. -thick  aluminum  walls.  The  oxidizer  was  in  the  up¬ 
per  part  of  the  cylindrical  tank  and  the  fuel  in  the  lower  part,  separated  by  a 
tempered  glass  diaphragm.  The  total  propellant  weight  was  200  lb.  The  propel¬ 
lant  length- to-diame ter  ratio  wus  1.8  and  the  oxidizer- to-fuel  weight  ratio  1.9. 

A  sketch  of  this  type  of  tank  is  shown  in  Fig.  4-16. 

This  test  series  was  conducted  at  AFRFL,  and  the  blast  environment  was  mea¬ 
sured  using  the  basic  PYRO  instrumentation  system,  which  consisted  of  15  piezo¬ 
electric  transducers  distributed  along  3  radial  lines,  120  deg  from  each  otber, 
over  a  ground  distance  of  approximately  7  to  67  ft.  A  complete  discussion  of  this 
system  is  presented  in  Appendix  A. 

There  were  two  propellant  tests  for  each  type  of  donor  and  one  spherical 
doner  test  with  both  propellants  replaced  by  water.  This  latter  test  was  conduc¬ 
ted  because  it  was  suspected  that  the  contribution  of  peak  pressure  and  Impulse 
by  this  30-lb  donor  charge  might  be  large  compared  to  the  propellant.  If  this 
occurred,  separation  of  the  yield  (effective  charge  weight)  of  the  propallant 
from  that  of  the  donor  would  be  extremely  uncertain  unless  the  results  from  the 
donor  charge  itself  were  known  quite  well. 

Test  Results 

Ihe  peak  overpressure  and  impulsa  data  and  ths  propellant  yields  computed 
from  t’lese  data  are  presented  in  Volume  2.  The  computed  terminal  yield  values 
for  these  tests  are  presented  in  Table  4-4.  For  the  spherical -charge  tests,  the 
propellant  yields  were  obtained  by  subtracting  the  yield  values  of  the  tests 
with  water  from  those  of  the  tests  with  propellants.  For  the  shaped-charge  tests, 
the  prooellant  yields  were  obtained  by  subtracting  the  estimated  yield  of  the 
donor  (0,5  percent)  from  the  total  yield.  This  estimate  is  believed  to  be  com¬ 
mensurate  with  the  accuracy  of  the  measurement  for  the  outer  measuring  stations 
but  is  relatively  uncertain  close  to  the  explosion  because  of  the  shape  of  the 
charge.  For  the  spherical-donor  tests,  there  is  a  large  scatter  in  the  yield 
res  .Its  from  station  to  station  because  the  propellant  yield  was  small  compared 
to  the  donor  yield.  Accordingly,  it  was  not  practical  to  ascertain  distance 
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effect  on  yield,  and  terminal  yield  values  were  computed  by  uveraging  the  over¬ 
pressure  and  impulse  yield  values  at  all  stations.  Although  the  results  from 
the  two  tests  showed  remarkably  good  agreement,  considering  the  variability  in 
individual  station  results,  it  is  estimated  that  the  average  terminal  yield  value 
of  the  two  tests,  3.6  percent,  is  uncertain  by  a  factor  of  about  2  to  3. 

For  the  shaped-charge  tests,  both  the  overpressure  and  impulse  yields  are 
roughly  constant  beyond  22.5  ft,  so  that  terminal  yields  were  computed  by  averag¬ 
ing  the  pressure  and  impulse  yields  for  the  last  three  stations. 

Considering  the  small  estimated  uncertainty  in  the  instrumentation  system 
and  the  relatively  good  agreement,  between  the  two  tests,  it  is  estimated  that 
the  average  terminal  yield,  1  percent,  is  uncertain  to  about  a  factor  of  2. 

The  average  terminal  yield  for  the  two  tests  with  the  30-lb  spherical  donor 
was  3.6  percent,  and  since  this  is  equivalent  to  only  7.2  lb  of  TNT  (0.036  x  200) 
or  about  25  percent  of  the  donor  weight,  It  is  evident  that  this  type  of  explo¬ 
sive  donor  is  not  very  effective  in  creating  mixing  of  the  propellants.  Since 
the  uncertainty  in  the  yield  estimate  for  this  test  condition  is  about  a  factor 
of  2  to  3,  it  cannot  be  concluded  that  the  propollant  yield  is  completely  negli¬ 
gible  compared  to  the  donor,  but  it  represents  a  relatively  small  additional 
contribution. 

The  average  terminal  yield  for  the  two  tests  with  the  shaped  charge  was  1 
percent,  indicating  that  this  a . rangement  of  the  explosive  was  also  not  very  ef¬ 
fective  in  creating  propellant  mixing,  although  per  pound  of  donor  charge,  it 
was  more  efficient  than  the  spherical  charge. 
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'.Table  4-4 

TERMINAL  YIELDS  FROM  EXPLOSIVE  DONOR  IE  STS 


Test 

No. 

Donor 

Type 

Terminal 

Yield 

019 

30-lb  spherical  donor 

3.4 

030 

30-lb  spherical  donor 

3.7 

028 

1-lb  conical  donor 

1.2 

029 

1-lb  conical  donor 

0.8 
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KYFERGOLIC  COKFINEMENT-BY-^HE-MISSILE  TESTS 
Tear.  Conditions 


In  this  test  condition,  an  internal  failure,  such  as  bulkhead  rupture,  is 
assumed  to  occur,  and  oue  propellant  falls  down  onto  the  other.  As  stated  in 
the  discussion  of  this  failure  mode  (Section  3),  the  time  of  interest  for  the 
in-tank  confinement  case  is  limited  to  the  time  the  propellants  remain  confined 
by  the  walls  of  the  missile.  This  time  is  determined  by  the  strength  of  the 
tankage,  the  rate  of  reaction  of  the  propellants,  the  initial  tank  pressure, 
and  the  initial  ullage  space. 

Thus  the  primary  requirement  on  the  tankage  is  to  contain  the  propellants 
in  the  proper  length-to-diameter  ratio  until  the  internal  pressure  created  by 
the  hypergolic  reaction  exceeds  the  normal  missile  tankage  design  burst  pres¬ 
sure.  From  communications  with  AFRPL  and  various  missile  manufacturers,  it  was 
determined  that  most  missile  fuel  tankage  would  fail  at  internal  pressure* 
below  100  psi,.  Accordingly,  this  value  (100  psi)  was  chosen  as  the  design 
burst  pressure  for  the  tank. 

Although  it  was  not  anticipated  that  the  exact  manner  in  which  the  tank 
fails  would  have  an  important  effect  on  the  explosion  and/or  the  burning  geome¬ 
try  of  the  propellants,  it  appeared  worthwhile  to  make  some  effort  to  control 
the  failure  mode  as  well  as  the  burst  pressure.  The  simplest  way  to  accomplish 
this  was  by  making  the  bolts  holding  the  two  flanges  together  the  weak  point 
in  the  system. 

The  tank  designed  with  these  criteria  is  sketched  in  Fig.  4-17.  It  Is  a 
cylindrical  tank  with  2:1  ellipsoidal  domed  ends  and  is  divided  into  two  sepa¬ 
rate  propellant  compartments  by  a  tempered  glass  diaphragm.  The  top  compart¬ 
ment  contains  No0  and  the  bottom  50%  UDMH  —  50%  K  H  . 

The  shell  of  the  tank  was  fabricated  from  1/16-in. -thick  aluminum.  The 
domes  were  spun  on  hardwood  molds  from  1/16-in. -thick  aluminum,  and  were  heat- 
treated,  after  forming.  Bolted  flanges,  3/8-in.  thick,  were  provided  for  the 
placement  and  sealing  of  the  tempered  glass  diaphragm. 
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This  tempered  glass  diaphragm,  1/4  in.  thick,  was  ruptured,  oy  a  six-bladecf 
explosive-driven  breaker  ram,  which  is  pictured  in  Fig,  4-18.  Thin  ram,  which 
rests  on  the  top  surface  of  the  tempered  glnss,  is  connected  tc  a  long  drive 
shaft  which  extends  up  through  the  top  of  the  tank  through  a  gasket  seal .  An 
explosive  charge  (approximately  0.09  lb  of  C-4)  is  placed  on  a  small  plate 
affixed  to  the  end  of  this  drive  shaft. 

A  total  of  three  tests  with  200  lb  of  total  propellant  were  run..  All 
tests  had  total  propellant  length- to-d lame ter  ratios  of  1.8  and  oxidizer- to- 
fuel  weight  ratios  of  1.9.  The  blast  environment  was  measured  using  the 
basic  PYRO  instrumentation  system,  which  is  described  in  Appendix  A. 

Test  Results 

A  total  of  three  tests  were  conducted  (Test  Nos.  31,  32,  and  35).  The 
individual  peak  overpressure  and  positive -phase-impulse  data,  and  the  computed 
yield  values  from  these  data  are  presented  in  Volume  2.  The  computed  terminal 
yield  values  were:  Test  No.  31  -  0.20  percent;  Test  No.  32  —  0.08  percent; 
and  Test  No.  35  —  0,15  percent. 

Considering  the  relatively  small  uncertainty  in  individual  read¬ 
ings  obtained  during  the  calibration  tests  of  the  instrumentation  system 
(estimated  to  be  8  to  12  percent),  It  is  clear  that  the  major  source  of  uncer¬ 
tainty  in  an  average  terminal  yield  value  for  this  test  condition  arises  from 
;,he  variability  in  explosive  yield  from  test  to  test .  It  is  estimated  that 
the  average  terminal  yield  for  the  three  tests  Is  uncertain  by  a  factor  of  2 
to  3. 

COMMAND  DE8TBUCT  TESTS 
Test  Conditions 

In  this  series  of  tests  the  propellants  were  contained  in  a  cylindrical 
tank  and  separated  by  a  tempered  glass  diaphragm.  Failure  of  the  tank  wa» 
caused  by  two  external  linear-shaped  charges  (total  weight  of  explosive  0.04  lb) 


4-39 


.ftawMmiauWni*  iwmmmrayaai. 


■’*  HHSHMSSsarr- 


URS  652-35 


AFRPL-TR-68 -92 


vertically  aligned  against  the  tank  wall.  The  charge  ou  the  lower  tank  was 
oriented  180  deg  from  that  on  the  upper  tank  so  that  the  propellants  would 
spill  simultaneously  from  openings  on  opposite  sides  of  the  container  and 
initial  propellant  contact  would  be  at  or  near  the  ground  surface.  The  con¬ 
tainer  was  29  in.  in  length  and  15  in.  in  diameter  with  1/16-in . -thick 
aluminum  walls,  as  shown  in  Fig.  4-16. 

The  blast  environment  was  measured  as  described  above  under  Explosive- 
Donor  Tests  . 

TWo  propellant  tests  were  performed,  each  with  a  total  propellant  weight 
of  200  lb,  a  total  propellant  length- to-diameter  ratio  of  1.8,  and  an  oxidi¬ 
zer-  to-fuel  weight  ratio  of  1.9. 

Test  Results 

The  individual  peak  overpressure  and  positive-phase-i.mpul.se  data  and  the 
computed  explosive  yields  obtained  from  this  data  are  presented  in  Volume  2. 

The  terminal  yields  from  these  tests  were:  Test  No.  25  —  0.35  percent  and 
Test  No,  36  —  0.30  percent  with  an  estimated  uncertainty  of  1.5  to  2. 

TOWER  DROP  TESTS 

Test  Condit ion 

In  this  series  of  tests  the  propellants  were  dropped  from  a  100-ft  drop 
tower.  This  tower,  which  was  designed  and  built  for  the  PVRO  Program,  is  shown 
in  tigs.  4-19  and  4—20.  The  first  30  ft  of  this  tower  was  a  tripod  constructed 
of  6-in. -diameter  double-extra -strong  pipes  with  cross  bracing  of  high-strength 
cable.  The  remaining  71  ft  of  the  tower  was  a  high-strength  version  of  a 
standard  radio  tower.  The  vertical  members  were  fabricated  from  seamless 
mechanical  tubing,  and  high-strength  bolts  were  used  throughout. 

A  T-shaped  track  was  affixed  down  one  side  of  the  tower  to  guide  the  test 
tanks,  which  had  thin  walls  and  aluminum  foil  bottoms.  These  tanks  were  guided 
and  held  to  the  T-shaped  track  by  a  "skate"  which  clamped  around  the  track  by 
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six  roller-bearing  wheels.  Dropping  of  the  tank  was  accomplished  by  an 
explosive  cable-cutting  device,  A  typical  drop  tank  and  guide  assembly  is 
shown  in  Fig,  4-21. 

Diaphragm  breaking  was  accomplished  by  a  single  six-pronged  breaker 
installed  on  the  pad  at  GZ ,  Immediately  after  the  diapnragm  was  pierced,  the 
tanks  were  abruptly  stopped  by  a  rigid  frame  at  an  elevation  of  approximat  ly 
2  ft  above  the  test  pad  and  the  propellants  allowed  to  flow  out. 

Three  tests  were  performed  with  a  propellant  weight  of  200  lb  and  three 
with  a  propellant  weight  of  1,000  lb.  The  propellant  length-to-diameter 
ratios  were  1.8  and  the  oxidizer-to-fuel  weight  ratios  were  1.9. 

Test  Results 

The  individual  peak  overpressure  and  positive-phase-impulse  data  and  the 
computed  explosive  yields  obtained  from  these  data  ar<  presented  in  Volume  2. 
The  terminal  yields  from  these  tests  are  presented  in  Table  4-5.  The  data 
for  these  six  tests  was  quite  reproducible  and  there  was  no  evidence  of  a 
scale  effect  between  the  200-  and  1000-lb  tests.  The  estimated  uncertainty 
for  the  case  was  estimated  as  1.5  to  2. 

COLD"  PROPELLANT  TESTS 

Tne  objective  of  this  limited  test  series  .with  hypergolic  propellants  was 
to  determine  whether  a  simple  mixing  technique  could  be  used  to  obtain  signif¬ 
icant  explosive  yields  when  the  propellants  are  cooled  sufficiently  to  be 
nonhype rgolic , 

The  oxidizer  and  fuel  were  cooled  in  separate  open-topped  containers  by 
adding  liquid  nitrogen  (LNg)  each  container.  After  a  suitable  cooling 
period  the  oxidizer  and  remaining  LN2  were  poured  into  the  fuel  container. 

The  intention  was  to  initiate  the  mixture  with  a  32-lb  TNT  donor  charge  after 
the  LN„  had  evaporated,  approximately  2-1/2  min  after  the  original  mixing. 

In  only  one  of  the  three  tests,  however,  was  this  condition  obtained.  Brief 
descriptions  of  each  tfest  are  given  below: 
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Table  4-5 

TERMINAL  YIELDS  FOR  HYPERGOLIC  DROP  TESTS 


PROPELLANT 

WEIGHT 

(lb) 

TEST 

NO. 

TERMINAL 

YIELD 

(%) 

157 

0,29 

200 

158 

0.20 

159 

0.30 

189 

0.35 

1000 

257 

0.30 

258 

0.25 

* 
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•  Test  033.  Explosion  of  the  propellants  occurred  5  sec  after  the  pro¬ 
pellants  were  united  (and  before  the  donor  charge  was  initiated)  due 
to  a  fire  on  the  ground  surface  from  spilled,  propellants.  A  posttest 
survey  revealed  sufficiently  numerous  TNT  fragments  to  suggest  that 
little,  if  any,  of  the  explosive-donor  charge  detonated. 

•  Test  034.  Failure  of  the  oxidizer  transfer  system  prevented  mixing  of 
the  propellants,  and  the  32-lb  charge  was  detonated  '.o  provide  refer¬ 
ence  data  for  the  other  tests. 

•  Test  037.  The  frozen  propellant  mixture  was  initiated  by  detonating 
the  32-lb  TNT  donor  charge  2-1/2  min  after  uniting  the  propellants. 

In  all  tests  the  TNT  charge,  which  was  rectangularly  shaped,  was  located 
on  the  ground  just  beneath  the  fuel  tank.  This  tank  was  cylindrical  with  a 
diameter  of  22  in.  and  was  made  of  1/16-in. -thick  aluminum. 

The  blast  environment  was  measured  as  described  above  under  Explosive- 
Donor  Tests. 

The  individual  peak  overpressure  and  positive-pho.se- impulse  data  and  the 
computed  explosive  yields  obtained  from  these  data  are  presented  in  Volume  2. 

The  terminal  yields  for  these  tests  were:  Test  033,  8,8  percent;  and 
Test  037,  13,7  percent.  The  terminal  yield  for  Test  033  was  computed  by 
assuming  that  the  donor  charge  did  not  contribute  to  the  blast.  The  yield 
for  Test  034  (donor  charge  only)  agreed  with  the  expected  value  for  32  lb. 

Thus  the  yield  for  Test  037  (donor  charge  and  propellants)  was  obtained  by 
subtracting  32  lb  (the  weight  of  the  donor)  from  the  total  effective  charge 
weight  of  the  explosion.  Since  the  two  tests  were  not  identical,  the  un¬ 
certainty  in  terminal  yields  for  both  test  conditions  was  estimated,  on  the 
basis  of  the  test-to-test  reproducibility  of  other  tests,  to  be  about  a 
factor  of  2, 
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PART  2  -  SUMMARY  OF  DATA  FROM  OTHER  SOURCES 


This  part  of  the  report  presents  the  available  information  concerning  the 
explosive  potential  of  this  hypergolic  propellant  combination  as  obtained  from 
a  number  of  experimental  programs  other  than  Project  PYBO. 

The  various  experimental  programs  can  be  divided  into  two  general  categor¬ 
ies:  those  in  which  the  propellant  mixing  generally  simulated  that  which  might 

occur  from  failure  of  full-scale  vehicles  and  those  special  tests  in  which  the 
propellant  mixing  mode  did  not  correspond  to  any  credible  full-scale  failure 
mode  but  rather  was  selected  to  study  the  influence  of  some  particular  parameter 
of  the  mixture  on  the  explosive  yield.* 


The  simulated  failure  mode  tests  can  be  further  subdivided  into  two  cate¬ 
gories  by  the  manner  in  which  the  propellants  come  into  contact  with  each  other: 

1.  Diaphragm  rupture .  In  this  case  the  propellants  are  initially  in  sepa¬ 
rate  cylindrical  tanks,  one  on  top  of  the  other,  with  either  a  common 
bulkhead  or  closely  adjacent  bulkheads.  The  failure  is  created  by  ra¬ 
pidly  removing  all  or  most  of  the  bulkhead  (or  bulkheads)  separating 
the  two  propellants,  allowing  reaction  to  occur  within  the  remainder 

of  the  tankage.  Two  test  programs  have  been  conducted  which  fit  in  this 
category,  one  by  Aerojet  General  (Ref.  4-4)  and  one  by  Martin  Marietta 
(Ref.  4-5). 

2.  Spill ■  In  this  case  the  propellants  are  spilled  from  tanks,  and  inter¬ 
action  of  propellants  occurs  external  to  the  tank,  generally  on  the  un¬ 
derlying  surface.  The  tanks  initially  are  near  the  surface,  so  that  the 
impact  velocity  of  the  fluids  is  generally  low,  Confinement  of  the 
spilled  propellants  varies  from  shallow  basins  on  the  ground  to  model 
silos.  Five  series  of  tests  have  been  conducted  which  fit  in  this  cate¬ 
gory,  four  by  Rocketdyne  (Ref.  4-6)  and  one  by  the  U.S.  Army  Chemical 
Research  and  Development  Laboratories  (CRDL)  (Refs.  4-7  and  6). 


Three  test  series  were  conducted  which  wore  not  intended  to  simulate  any 

** 

credible  full-scale  failure  mode.  These  are  listed  beluw: 

a.  Aerojet  high- interface-area  tests  (Ref,  4-9).  In  this  series  the  objec¬ 
tive  was  to  find  the  importance  of  interface  area  and  oxidizer-to-fuel 
ratio  on  explosive  yield. 


It  should  be  noted  that  not  all  of  the  test  series  listed  under  the  simulated 
failure  mode  category  were  specifically  classified  in  that  manner  by  the  ex¬ 
perimenters;  however,  it  is  the  opinion  of  the  authors  of  this  report  that 
they  can  be  logically  so  considered. 

The  initial  Interface  area  per  unit  volume  of  propellants  used  in  series  a 
and  b  is  considered  to  be  much  greater  than  could  be  obtained  in  a  credible 
full-scale  failure  and  the  quantities  of  propellants  involved  in  series  c 
were  too  small  to  be  applicable. 
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b.  Aerojet  detonation  tests  (Ref.  4-10) .  in  this  series,  the  objective  # 
was  to  determine  whether  steady-state  detonation  could  be  Induced  in 
well-mixed  propellants. 

c.  Atlantic  Research  Laboratory  tests  (Ref.  4-11) .  This  series  of  tests 
was  exploratory  in  nature  and  involved  teste  with  milliliter  quanti¬ 
ties  of  propellants. 


SIMULATED  FAILURE  MODE  TESTS 
Diaphragn  Rupture 

Aerojet  Diaphragm  Rupture  Tests*  (Ref.  4-4) 

This  program  consisted  of  two  series  of  tests  in  which  the  propellants 
were  contained  in  a  cylindrical  tank  separated  by  a  diaphragm.  The  two  sets 
of  tests  differed  basically  in  the  mechanism  employed  to  rupture  the  diaphragm 
and  in  the  propellant  orientation. 

For  one  set  of  tests,  the  propellant  container  was  elevated  to  a  height 
of  15  ft.  The  upper  section,  which  in  this  case  contained  the  oxidizer,  also 
contained  a  vertically  aligned  rod  or  ram  along  the  container  axis.  The  entire 
container  was  permitted  to  fall,  and  upon  impact  with  the  ground  surface,  the 
impulse  associated  with  the  changing  momentum  of  both  the  ram  and  the  upper 
propellant  fractured  the  diaphragm  (tempered  glase).  Near-total  removal  of 
the  diaphragm  was  achieved  by  a  ring  attached  to  the  ram. 

It  is  possible  that  continued  motion  of  the  ram  influenced  the  propellant 
reaction.  Further,  it  is  likely  that  the  upper  propellant  retained  some 
fraction  of  its  motion  relative  to  the  lower  propellant  upon  diaphragm  rupture. 

Tor  the  other  tests,  in  which  the  fuel  was  the  upper  propellant,  dia¬ 
phragm  rupture  was  accomplished  by  the  explosion  of  a  linear  charge  that  had 
been  formed  into  a  circular  loop  and  placed  immediately  above  the  diaphragm 
(0.003~in.  aluminum  foil). 


In  this  disucssion  only  the  basic  overpressure  and  impulse  data  were  obtained 
from  the  original  reference.  All  yield  computations  and  error  estimates  were 
made  for  this  report. 
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The  arc  of  the  charge  loop  was  just  less  than  one  complete  circumference. 
Consequently  a  small  arc  remained  uncut  and  acted  as  a  diaphragm  hinge,  thereby 
insuring  against  propellant  reaction  influence  by  the  diaphragm  (the  correct¬ 
ness  of  these  statements  was  tested  using  water  in  the  upper  tank). 

Flexible  plastic  tubing  was  placed  over  the  linear  charge  in  order  to 
contain  explosive  fragments  and  prevent  initiation  of  the  fuel.  The  tubing 
permitted  transfer  of  the  shock  wave  in  sufficient  intensity  to  rupture  the 
diaphragm  without  rupture  of  the  tubing  wall  or  damage  to  the  tank  walls. 

For  both  test  types,  the  container  was  0,10-in. -thick  aluminum  with  a 
diameter  of  17-3/4  in. 

Tha  blast  wave  environment  was  measured  by  means  of  an  array  of  12 
piezoelectric  gauges  located  10,  25,  and  40  ft  from  ground  zero  along  four 
radial  lines  at  90  deg  to  each  other. 

Calibration  tests  were  conducted  with  cylindrical,  5-lb  TNT  and  com¬ 
position  C-4  charges  and  25-lb  TNT  charges,  which  were  positioned  near  the 
ground  surface.  The  authors  of  Ref.  4-4  stated  that  a  comparison  of  the 
calibration  test  results  with  the  data  of  Ref.  4-2  indicated  a  negligible 
difference  »'  ill  gauge  distances. 

Two  tests  for  eacn  failure  mode  were  conducted,  although  for  one  of  the 
linear  charge  tests,  the  results  were  of  insufficient  magnitude  to  record. 

All  tests  were  with  300  lb  total  propellant,  a  propellant  length- to-diameter 
ratio  of  1.6:1,  and  an  oxidizer-to-fuel  weight  ratio  of  2:1. 

Frop  •;  tr  .’ssults  in  terms  of  peak  overpressure  and  positive  phase 
impulse  are  given  in  Table  4-6,  Explosive  yields  relative  to  a  TNT  surface 
burst  were  computed  from  the  average  overpressure  and  impulse  at  each  distance 
for  each  test  and  vi  isted  in  Table  4-7. 

For  the  two  drop  tests  it  is  evident  that  there  was  a  slight  but  fairly 
consistent  tendency  for  yield  to  increase  with  distance  over  the  range  from 
10  to  25  ft.  Accordingly,  terminal  yield  values  for  each  test  were  computed 
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Table  4-6 

PEAK  OVERPRESSURE  AMD  POSITIVE -FKASE-IKfJLSE  DATA 
FROM  AEROJET  DIAPHRAGM  RUPTURE  TESTS 


*  Mo  impulse  values  were  obtained  due  to  low  overpressure  values 
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Table  4-7 

EXPLOSIVE  YIELDS  FROM 
AEROJET  DIAPHRAGM  RUPTURE  TESTS 


- 1 

r~ — — 

11 

Yield  (%)  at 

lest 

Test 

Basis  o'? 

Indicated  Distances  (ft) 

Terminal 

Type 

No. 

Computation 

10 

25 

40 

Yield  (%) 

Pressure 

0.12 

0.16 

0.14 

Drop 

7 

Impulse 

0.33 

0.37 

0.31 

0.24 

Pressure 

0.2/ 

0.65 

0.74 

Drop 

8 

Impulse 

a. S3 

0.89 

0.91 

0.80 

Linear 

Pret  ?u.ve 

0.001 

0.002 

0.007 

Charge 

4 

_ 1 

Impui.se 

- 

- 

- 

0.007 
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fcy  averaging  the  overpressure  and  impulse  data  from  the  25-  and  40-ft 
stations.  The  resulting  values  were  0.24  percent  for  Test  7  and  0.80 
percent  for  Test  8.  It  may  be  noted  that  the  overpressure  and  impulse  varies 
for  Test  8  were  within  about  25  percent  of  each  other,  while  for  Test  7 
the  overpressure  yield  was  less  than  one-half  of  the  impulse  yield. 

Although  there  was  considerable  variability  in  the  four  gauge  readings 
at  each  distance  for  the  drop  tests,  the  major  source  of  error  in  yield 
estimation  for  this  test  condition  again  appears  to  be  the  test-to-test 
reproducibility  of  the  blast  phenomena.  Based  on  the  difference  in  terminal 
yield  between  the  two  tests,  a  factor  of  3.3,  it  is  estimated  that  the  mean 
terminal  yield  for  the  two  shots,  0.52  percent,  is  uncertain  to  a  factor  of 
about  3  or  4. 

Tor  the  one  linear  charge  test  there  was  a  tendency  for  yield  to  increase 
with  distance  over  the  entire  range  so  that  the  terminal  yield  was  taken  to 
be  the  yield  of  the  last  statiou.  The  resulting  terminal  yield  for  this  test 
condition,  0.007  percent,  is  estimated  to  be  uncertain  by  a  factor  of  about  5. 


The  half-scale  model  tanks  used  in  this  test  were  5-f t-dlameter  cylinders 
with  domed  ends.  The  upper  tank,  containing  21,500  lb  of  oxidizer,  was  ap¬ 
proximately  15  ft  long  and  the  lower  tank,  containing  11,200  lb  of  fuel,  was 
approximately  13  ft  long.  The  separation  between  tanks  was  about  2  ft. 

Failure  of  the  tankage  was  induced  by  simultaneously  rupturing  the 
bottom  dome  of  the  top  tank  and  the  top  dome  of  the  bottom  tank  with  a  linear¬ 
shaped  charge  containing  approximately  0.5  lb  of  explosive.  The  linear  charge 
was  arranged  to  rupture  a  minimum  of  75  percent  of  the  tank  domes. 

The  blast  environment  was  measured  with  eight  pressure  transducers 
ranging  from  approximately  10  to  300  ft  from  the  test  tankage.  Five  of  the 
transducers  were  mounted  on  a  frame  surrounding  the  test  tankage  and  were 

*ln  this  discussion  only  the  basic  overpressure  values  were  obtained  from 
the  original  reference.  All  correction  factors,  yield  computations,  and 
error  estimates  were  made  for  this  report. 
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within  20  ft  of  the  tankage.  The  remaining  three  transducers  were  mounted  at 
a  height  of  23  ft  above  the  ground  on  one  radial  line  at  ground  distances  of 
61,  141.9,  and  300.5  ft  from  the  center  of  the  tankage. 

The  propellant  reaction  follov/ing  rupture  of  the  tankage  produced  two 
separate  explosions,  both  of  which  were  stated  to  have  occurred  in  the  vapor 
phase.  One  occurred  at  approximately  3.1  sec  after  the  initial  destruct  action, 
and  the  other  occurred  at  approximately  4.3  sec  after  the  destruct  action. 

The  position  of  the  explosions  could  not,  be  determined  very  accurately. 

The  center  of  the  3.1-sec  explosion  was  estimated  to  be  at  a  height  of  about 
28  ft  and  about  20  ft  in  a  horizontal  direction  from  the  centerline  of  the 
tank,  and  that  for  the  4.3-sec  explosion,  at  a  height  of  about  40  ft  and  about 
5  ft  horizontally  from  the  centerline  of  the  tank. 

Because  of  the  uncertainty  in  the  location  of  the  centers  oi  the  two  ex¬ 
plosions,  the  pressure  data  obtained  from  the  five  close-in  transducers  was  not 
suitable  for  estimating  the  yields  of  the  two  explosions.  The  low  magnitudes 
of  the  peak  pressure  values  obtained  at  these  stations,  however,  which  ranged 
from  3  ro  10  psi,  certainly  support  the  postulate  of  a  low-energy-density  reaction. 

The  pressures  measured  at  the  three  long-distance  stations  for  each 
explosion  are  given  in  Table  4-8. 

Since  the  pressure  measurements  were  made  well  above  the  ground  sunace 
and  since  the  height  of  the  explosion  was  also  well  above  the  ground  surface, 
it  was  necessary  to  use  two  special  reference  curves  in  computing  yields.  From 
the  assumed  geometry  it  is  concluded  chat  Station  6  was  at  a  distance  where 
Mach  reflection  was  just  starting,  so  that  the  gauge  (23  ft  above  the  ground) 
was  well  above  the  triple  point  and  in  the  region  where  the  incident  and 
reflected  wave  fronts  were  separate.  At  the  distance  of  Station  7  the  triple 
point  had  increased  in  height  but  still  should  have  been  below  tht  gauge. 

Station  8  was  well  in  the  Mach  reflection  region,  and  the  triple  point  should 
have  been  significantly  higher  than  the  gauge. 
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Table  4-8 

PEAK  OVERPRESSURE  DATA  FROM  ONE-KALF-SCALE 
TITAN  II  FIRST-STAGE  DESTRUCT  TEST 


Gauge 

Station 

Nominal 

Ground 

Distance 

(ft) 

Explosion^ 

Estimated 
Actual  ^ 
Distance 
(ft) 

Peak 

Over- 

Pressure 

(psi) 

Yield 

(%> 

3.1 

48 

1 

6 

61.0 

.  i 

4.2 

60 

1 

3.1 

128 

1.0 

0.2 

141.9 

1  | 

4.2 

140 

1.1 

0.3 

3.1 

287 

0.5 

0.1 

8 

300.5 

4.2 

297 

_ J 

1.3 

0.9 

1.  Refers  to  3.1-sec  or  4,2-sec  explosion. 

2.  For  stations  6  and  7,  value  is  slant  distance  from  the  point  of 
explosion  to  the  gauge;  for  station  8,  it  is  the  ground  distance 
from  the  point  of  explosion  to  the  gauge. 
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It  i#  assumed  thut  the  peek  overpressure  values  reported  for  Stations 
6  and  7  corresponded  more  nearly  to  the  incident  or  free-air  values  rather 
than  the  reflected  values  seen  at  ground  level.  Accordingly  in  computing 
yields,  which  are  also  given  in  Table  3-8,  a  free-air  pressure-distance  TNT 
curve  (Kef.  4-12}  was  used  for  the  data  from  Stations  6  and  7. 

Station  8  was  well  below  the  triple  point,  so  that  the  pressures  from  this 

station  should  correspond  fairly  well  to  those  at  ground  level.  The  explosions, 

however,  were  too  far  off  the  ground  surface  to  allow  use  of  the  TNT  surface 

burst  reference  curve.  Actually  the  explosions  in  the  two  previous  diaphragm 

rupture  cases  also  were  not  truly  surface  bursts,  but  in  most  cases  they  were 

1/3 

estimated  to  be  at  a  height  of  burst  of  less  than  1  or  2  ft/lb  .  In  the 

present  case  the  best  estimate  of  the  scaled  height  of  burst  is  of  the  order  of 
1/3 

5  to  6  ft/lb  .  To  maintain  consistency  in  the  analysis  of  these  data  with  the 

two  previous  sets,  the  yields  for  Station  8  were  first  computed  using  the  same 

surface  burst  reference  curve  and  then  reduced  by  a  factor  of  2.3  to  account 

1/3  1/3 

for  the  difference  between  a  5-ft/lb  and  a  1-ft/lb  height  of  burst.  This 
correction  factor  was  based  on  data  given  in  Fig.  3.67b  of  Ref.  4-13  for  the 
pressure  region  of  1  psi. 

Prior  to  computing  yields  it  was  also  necessary  to  correct  the  overpressures 
to  their  equivalent  sea  level  values  by  means  of  Sachs '  scaling  law  (Ref .  4  -15)  . 
(These  tests  were  conducted  at  an  atmospheric  pressure  of  11.7  psi  and  the 
reference  data  are  for  14.7  psi.) 

Because  of  the  data  scatter,  it  is  difficult  to  be  sure  whether  there  is 
any  significant  tendency  for  the  yield  to  increase  with  distance  or  not.  However, 
since  primary  interest  is  in  the  4.2-sec  explosion  (the  largest),  which  has  some 
of  this  tendency,  the  estimated  terminal  yield  value  for  this  test,  O.S  percent, 
was  obtained  in  a  conservative  (high)  fashion  by  averaging  only  the  values  from 
the  last  two  stations. 

Considering  the  small  number  of  useful  gauge  readings  (2) ,  the  small  yield 
values,  the  lack  of  impulse  data,  the  variability  in  results  from  gauge  to  gauge 
(factor  of  3)  ,  and  the  fact  that  only  one  test  was  conducted,  it  is  estimated 
that  the  terminal  yield  value  has  an  uncertainty  of  a  factor  of  2  or  3 , 
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Spill  Tests 

* 

Rocketdyne  Small-Scale  Spill  Teat 3  (Ref.  4-^) 

This  test  program  consisted  of  two  separate  series  t*  tests,  the  first 
using  straight  hydrazine  and  the  second  a  50/50  nix  of  UMA'-hydraxine.  In 
general,  the  experimental  arrangement  was  quite  similar  foi  both.  Approximately 
2.5  lb  of  propellant  were  fed  through  separate  1/2-ln.  lines  under  a  pressure 
of  30  to  50  psi  into  a  concrete  spill  basin  6  in.  deep. 

In  the  first  series,  the  basin  had  a  2-  by  2-ft  cross  s«  ;t ion  and  the 
spill  lines  discharged  the  propellants  from  about  1  ft  above  the  surface  so 
that  they  impinged  on  the  basin  within  a  radius  of  2  in.  The  parameters  varied 
in  the  tests  were  the  nature  of  the  surface  of  the  basin  (concrete,  asphalt, 
dirt,  or  water)  and  the  order  in  which  the  propellant  flows  were  started 
(simultaneous  or  lead  of  one  propellant  by  the  other  by  about  1  sec) . 

In  the  second  series  of  tests,  the  concrete  spill  basin  was  4  by  4  ft  in 
cross  section  and  the  spill  lines  were  8  in.  above  the  surface,  arranged  so 
that  the  propellants  impinged  on  the  basin  within  a  radius  of  2  to  4  in.  The 
parameter  variation  included  the  nature  of  the  surface  of  the  basin  (concrete, 
dirt,  or  water)  and  the  order  in  which  propellent  flows  started  (simultaneous 
or  lead  of  one  propellant  by  the  other  by  0.5  -  1.0  sec). 


f 


In  both  series  of  tests,  pressures  were  measured  with  two  Photocon  | 

i 

microphone  pickups,  at  distances  of  10  and  15  ft,  mounted  face-on  to  the  center  | 

of  the  basin  et  a  height  of  1  ft.  £ 

| 


The  propellant  combinations  ignited  within  a  few  milliseconds  after  contact  | 

under  all  conditions  tested.  A  series  of  explosions  was  recorded  in  most  cases.  | 

The  pressure  values  for  the  largest  explosion  on  each  test  of  the  first  series  * 

are  given  in  Table  4-9  along  with  the  corresponding  yields  computed  by  means  of  % 

— -  I 

*  In  this  discussion  only  the  basic  overpressure  data  were  obtained  from  the  * 

original  reference t  All  yield  computations,  statistical  analyses,  and  error  $ 

estimates  were  made  for  this  report.  j 
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a  surface-burst  TNT  reference  curve.  The  results  of  the  second  test  series 
are  given  in  a  similar  fashion  in  Table  4-10.  The  investigators  reported  that 
(based  on  examination  of  high-speed  photography)  all  explosions  occurred  in 
the  vapor  phase. 

It  is  apparent  from  Tables  4-9  and  4-10  that  there  is  no  consistent  trend 
for  yields  to  Increase  from  10  to  15  ft.  although  the  average  yield  at  15  ft  ia 
somewhat  greater  than  that  at  10  ft.  Accordingly,  terminal  yield  values  were 
obtained  by  averaging  the  two  data  points. 

The  data  in  Table  4-9  suggest  that  a  fuel  lead  or  dirt  surface  tends  to 
gl^e  the  hignest  yields  ana  that  an  oxidizer  lead  or  asphalt  surface  tends  to 
give  the  lowest  yield.  However,  since  there  were  no  repeat  tests  or  calibration 
data  reported,  it  is  difficult  to  be  sure  whether  the  observed  differences  are 
significant.  In  an  effort  to  estimate  the  significance  of  the  effects  and  the 
reproducibility  of  results,  the  data  given  in  Table  4-9  were  treated  as  a  single 
replicate  factorial  design,  and  an  analysis  of  variance  was  performed  (with  the 
type  of  surface  and  order  of  propellant  release  the  two  variables)  on  the 
assumption  of  no  Interaction  between  variables.  The  results,  which  were  computed 
separately  for  each  gauge  station,  indicated  that  statistically,  with  the  above 
assumptions,  there  was  no  significant  effect  of  either  the  type  of  surface  or 
order  of  flow.  The  calculated  remainder  standard  deviations  (expressed  as 
percentages  of  the  mean  values)  were  70  and  110  percent  for  the  1C-  and  15~ft 
stations,  respectively. 

The  data  in  Table  4-10  are  consistent  with  those  from  Table  4-9  in  regard 
to  the  effect  of  the  order  of  flow;  however,  they  suggest  that  a  concrete  surface 
gives  higher  yields  than  the  dirt  surface,  which  is  in  contrast  to  the  trend 
indicated  by  Table  4-9.  Because  of  the  similarity  of  test  conditions  in  the  two 
test  series,  it  is  assumed  that  they  both  have  the  same  uncertainty  and  that  the 


*  The  authors  of  Ref.  4-6  reported  that  photographic  evidence  indicated  the 

explosions  occurred  from  2  to  4  ft  off  the  surface.  Thus  the  use  of  a  surface 
burst  reference  curve  nay  not  be  appropriate  even  though  the  liquid  propellants 
wore  on  the  surface.  It  was  used,  however,  to  maintain  consistency  throughout 
all  spill  test  series.  (In  the  other  series  no  comments  were  made  regarding 
the  explosion  height  of  burst.) 
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observed  differences  In  Table  4-10  are  no  more  significant  than  those  for 
Table  4-9.  Accordingly,  an  average  terminal  yield  was  computed  for  all  data 
for  each  test  series.  The  result,  is  0.25  percent  for  Table  4 -9  and  0.18  percent 
for  Table  4-10.  Considering-  the  fact  that  only  two  data  points  were  available 

for  each  test,  that  no  calibration  data  were  reported,  and  that  no  impulse 

data  were  available,-  it  is  estimated  that  these  average  yield  values  are  uncertain 

to  about  a  factor  of  2  or  3. 

* 

CRDL  Suppression  Tests  (Refs.  4-7  and  4-8) 

In  this  test  series,  the  primary  objective  was  to  determine  the  effectiveness 
of  water  deluge  and  water  fog  systems  in  suppressing  the  lire  and  fumes  resulting 
from  "spilled”  propellants.  Blast  data  were  of  secondary  concern,  so  that  only 
a  single  pressure  transducer,  located  near  the  ground  50  ft  from  the  center  of 
the  reaction  pan,  was  used. 

The  propellants  were  fed  through  separate  1-1/2-in.  lines  oriented  180 
deg  to  each  other,  so  that  Initial  fuel  and  oxidizer  contact  occurred  before 
the  propellants  had  an  opportunity  to  disperse  on  the  surface.  The  pipe 
nozzles  wero  slightly  off  the  ground  and  2  ft  from  the  center  of  a  16-  by 
16-  by  1-ft-deep  reaction  pan. 

The  water  deluge  system  was  located  on  the  interior  perimeter  of  the 
reaction  pan  and  consisted  of  a  2-in.  feed  pipe  with  twelve  1-in.  outlets 
equally  spaced  around  the  pan.  These  outlets  could,  for  example,  deliver 
water  at  a  rate  of  415  gal/min  at  an  outlet  pressure  of  48  psig. 

The  water  fog  system  consisted  of  thirty-six  1-in.  fog  nozzles  arranged 
In  three  tiers  at  heights  of  2,  10.5,  and  17.5  ft  above  the  outside  perimeter 
of  the  reaction  pan,  each  tier  having  twelve  equally  spaced  nozzles.  This  sytsm 
could,  for  example,  deliver  water  at  a  rate  of  800  gal/min  at  a  nozzle  pressure 
of  48  psig. 


*  In  this  discussion  only  the  basic  overpressure  data  were  obtained  from  the 
original  reference.  All  yield  computations,  statistical  analyses,  and  error 
estimates  were  made  for  this  report. 
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Tests  were  conducted  for  a  range  of  total  propellant  weights  from  90  to 
300  lb  and  with  and  without  the  water  deluge  and  fog  suppression.  The  pro¬ 
pellant  flow  durations  ranged  from  about  6  sec  for  the  90-lb  tests  to  about 
20  sec  for  the  300-lb  tests.  It  should  be  noted  thr.t  the  suppression  systems 
were  usually  started  about  8  to  7  sec  after  the  propellent  flows  started,  so 
that  for  an  appreciable  portion  of  the  flow  duration,  the  propellants  were 
actually  unsuppressed. 

Because  of  the  long  durations  of  flow  in  this  test  series,  it  did  not 
seem  appropriate  to  compute  yields  with  the  total  propellant  quantity. 

Instead,  yields  were  calculated  by  means  of  the  estimated  amount  of  propel¬ 
lant  delivered  in  a  1-sec  period,  a  time  corresponding  approximately  to  that 
usod  for  the  other  spill  test  series.  The  best  estimate  of  the  amount  of 
propellant  delivered  in  1  sec  is  15  lb;  however,  this  value  is  uncertain  to 
about  a  factor  of  1.5  to  2.0. 

Peak  overpressures  and  explosive  yields  (in  both  pounds  and  percent) 
for  each  test  are  listed  in  Table  4-11, 

In  an  effort  to  estimate  the  significance  of  the  variables  (i,e„ ,  propel¬ 
lant  weight  and  degree  of  suppression) ,  average  yields  were  computed  for  each 
test  condition.  These  average  yields  were  then  treated  as  a  single  replicate 
factorial  design  and  t»<  analysis  of  variance  was  performed  on  the  assumption 
of  no  interaction  between  variables.  The  results  indicated  that  statistically, 
with  the  above  assumption,  there  was  no  significant  effect  of  propellant  weight 
or  degree  of  suppression.  The  calculated  remainder  standard  deviation  (expressed 
as  a  percent  of  the  mean  value)  was  50  percent. 

Considering  the  fact  that  only  one  data  point  was  available  from  each  test, 
that  uc  impulse  data  or  calibration  data  were  reported,  and  that  the  yields 
were  very  small,  it  is  estimated  that  the  average  yield  foe  these  tests,  0,02 
percent,  is  uncertain  to  a  factor  of  about  4  to  5. 
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Table  4-11 

PEAK  OVERPRESSURE  AND  EXPLOSIVE  YIELD  DATA  FROM  CRDL  SUPPRESSION  TESTS 


Prop 

Reaction 

Effective 

Wt 

Suppressed- 

Test 

Pressure 

Charge  Wt 

Yield 

(lb) 

Unouppressed 

No. 

(psi) 

(10~3  lb) 

<%) 

U 

K 

0.07 

4.4 

0.029 

b(\ 

15 

0.05 

2.2 

0.015 

oU 

Q 

4 

0.045 

1.7 

0.011 

O 

6 

0.045 

1.7 

0.011 

U 

7 

No  results 

i  on 

8 

0.06 

3.2 

0.021 

14v 

s 

9 

0.065 

3,8 

0.025 

u 

10 

Instrument  Failure 

i 

11 

0.04 

1.3 

0,009 

X  «JU 

s 

12 

0.02 

0.3 

0.002 

13 

0.03 

0.7 

0.005 

u 

16 

0.09 

7.4 

0.049 

21 

0.04 

1.3 

0.009 

n 

22 

0.05 

2.2 

0.015 

ju  iU 

17 

0.065 

3.6 

0.024 

18 

0.035 

1.0 

0,007 

s 

19 

0.05 

2.3 

0.015 

20 

0.035 

1.1 

0.007 

23 

0.06 

2.9 

0.019 

Tf 

27 

0.04 

1.3 

0.009 

9.4  n 

U 

31 

0i06 

3.2 

0.021 

«TtV 

28 

0.045 

1.7 

0.011 

s 

29 

0.08 

5.7 

0.038 

30 

0.04 

1.3 

0.009 

32 

0,05 

2.2 

0.015 

u 

33 

0.06 

3.2 

0.021 

97f| 

34 

0.09 

7.4 

0.049 

a  »V 

h  s 

35 

0.045  1 

1.7 

0.011 

36 

0.06 

3.2 

0.021 

u 

37 

0.12 

13.0 

0.087 

of,n 

38 

0.05 

2.2 

0.015 

JUU 

39 

0.05 

2.2 

0.015 

G 

40 

0.045 

1.7 

0.011 

9 

41 

0.04 

1.3 

0.009 

42 

0.03 

2.1 

0.007 
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Rocketdyne  Model-Missile  Spill  Tests*  (Ret.  4-6) 

This  program  consisted  of  scale-model  missile  spills  in  which  the  propellants 
were  initially  contained  in  separate  cylindrical  tanks  with  the  oxidizer  on  top 
and  allowed  to  fall  to  the  underlying  surface  by  pneumatically  removing  the 

bottom  plate  of  the  tank.  The  tank  sizes  used  corresponded  to  1/18  and  1/10 

linear  scale  models  of  the  Titan  II  (scaled  tay  volume  only)  .  The  1/18-scale 

tank,  which  was  8.5  in.  in  diameter  and  14  in.  high,  contained  50  lb  of  propellant 

with  an  oxidizer-to-fuel  weight  ratio  of  2:1  and  the  1/10-scale  tank,  which 
was  12  in.  in  diameter  and  36  in.  high,  contained  300  lb  of  propellant  at  the 
same  oxidizer-to-fuel  ratio.  On  the  1/18  scale  the  tanks  were  separated  by 
approximately  28  in.  and  on  the  1/10  scale  by  24  in.  Neglecting  this  spacing, 
the  effective  L/D  of  the  1/18-scale  tanks  is  about  3.3:1  anu  that  for  the  1/10 
scale  about  6:1. 

The  spill  tests  were  performed  in  1/18-  and  1/10-scale  silo  models  and 
aboveground  in  a  steel  tray  approximately  20  by  20  by  2  ft  deep.  The  silo 
dimensions  were  3  ft  in  diameter  by  9  ft  deep  and  5  ft  in  diameter  by  15  ft 
deep  for  the  1/18-scale  and  1/10-scale  silos,  respectively. 

Pressure  measurements  were  made  at  ground  level  on  one  gauge  line  at 
distances  of  25,  35,  50,  and  75  ft  from  the  center  line  of  the  tanks. 

Other  variables  included  in  the  testing  were  the  order  in  which  propellants 
were  released  from  the  tanks  (simultaneous  as  well  as  oxidizer  and  fuel  leads) 
and  the  silo  environment  prior  to  spill  (burning  fuel,  light  oxidizer  and  fuel 
vapors,  and  water  in  the  bottom) . 

The  pressure  data  obtained  from  these  tests  are  given  in  Table  4-12.  In 
cases  where  multiple  explosions  occurred,  only  the  data  from  the  largest  are 
given.  Only  data  from  the  25-  and  75-ft  stations  are  included  since  the  authors 
of  Ref.  4-6  indicate  that  the  data  from  the  35-  and  50-ft.  stations  could  not  be 
trusted.  Yield  values  computed  using  a  surface  burst  TNT  curve  are  also  given 
in  this  table. 


*  In  this  discussion  only  the  basic  overpressure  data  were  obtained  from  the 
original  reference.  All  yield  computations  and  error  estimates  were  made  for 
this  report. 
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It  can  be  seen  from  Table  4-12  that  in  all  cases  yield  values  were 
increasing  up  to  the  75-ft  station,  so  that  the  data  from  this  station  represent 
the  best  estimate  of  the  terminal  yield  values. 

Several  TNT  calibration  shots  were  also  performed  as  part  of  this  test 
series.  The  overpressure  values  and  yields  computed  by  means  of  a  surface 
burst  reference  curve  are  included  in  Table  4-12.  The  results  from  the  one 
above-surface  test  indicate  that  the  instrumentation  system  is  reading  high  by 
almost  a  factor  of  2. 

Only  one  repeat  TNT  calibration  shot  and  one  repeat  propellant  test  were 
available  to  estimate  the  reproducibility  of  the  Instrumentation  system  and 
the  test-to-test  blast  phenomena.  The  repeat  calibration  shot  was  for  the 
silo  geometry.  They  showed  a  difference  of  40  percent  in  yield.  The  repeat 
propellant  tests  (12  and  15)  were  ''.Iso  for  a  silo  geometry.  They  showed  a 
difference  of  about  15  percent  in  yield. 

Considering  that  the  terminal  yield  values  are  based  on  one  gauge  reading, 
that  the  yields  are  very  small,  that  the  results  from  the  calibration  shots 
differed  by  a  factor  of  almost  £  from  the  standard  curve,  and  that  no  impulse 
data  were  available,  it  is  estimated  that  the  absolute  values  of  the  terminal 
yields  are  uncertain  to  about  a  factor  of  3  or  4.  On  a  relative  basis,  the 
results  are  probably  uncertain  to  a  factor  of  2  or  3. 

_  „ 

Rocbetdyne  Large-Scale  Spill  Tests  iRef.  4-6> 

In  these  two  tests  the  propellants  were  contained  in  separate  X50-gal 
cylindrical  tanks,  30  in.  in  diameter  and  approximately  60  in.  in  length.  The 
tanks  were  positioned  adjacent  to  each  other  with  their  cylindrical  axes  tilted 
20  dog  from  the  vertical  so  that  the  propellants  discharging  from  a  6-in.  port 
at  the  bottom  of  the  tank  would  impinge  in  the  center  of  20-  by  20-  by  2-ft 
deep  spill  tray. 


In  this  discussion  only  the  basic  overpressure  data  were  obtained  from  the 
original  reference.  All  yield  computations  and  error  estimates  were  made  for 
this  report. 
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Table  4-12 

PEAK  OVERPRESSURE  AMD  EXPLOSIVE  YIELD  DATA 
FROM  THE  MODEL-MISSILE  TESTS 


Teat 

Overpressure  (psi) 

Yield  (%) 

Mo. 

Scale 

Order  of  Spill 

25  ft 

75  ft 

25  ft 

75  ft 

ABOVEGROUND 


7 

1/10 

60-sec  fuel  lead 

No  explosion 

& 

1/10 

2-sec  oxid  lead 

0.5 

0.16 

0.01 

0.03 

S 

1/10 

60-sec  oxid  lead 

No  explosion 

10 

1/10 

60-sec  oxid  lead 

No  explo 

slon 

11 

1/10 

Simultaneous 

1.0 

0.36 

0.05 

0.15 

10  lb  TNT 

11.0 

1.92 

180 

190 

STEEL  SILO 


12 

1/18 

Simultaneous 

0.9 

0.32 

0.27 

0.73 

13 

1/18 

30-sec  oxid  lead 

0.85 

0.28 

0.24 

0.55 

14 

1/18 

Simultaneous  into 
burn  fuel 

0.8 

•" 

0.20 

- 

15 

1/18 

Simultaneous 

0.85 

0.3 

0.24 

0.63 

16 

1/18 

Simultaneous  into 

50  lb  of  water 

0.6 

0.15 

0.11 

0.14 

1” 

1/10 

1-sec  oxid  lead 

2.0 

* 

2.0 

0.26 

- 

ie 

1/10 

Simultaneous  with 
light  oxid  vapor 

2.5 

0.65 

0.43 

0 1  &6 

19 

1/10 

180- sec  fuel  lead 

No  explosion 

20 

1/10 

Simultaneous  with 
light  fuel  vapors 

1.25 

0.4 

0.09 

0.20 

1 

.5  lb  TNT 

2.70 

0.6 

98 

93 

2 

.0  lb  TNT 

3.63 

0.8 

138 

134 

*  Assumed  to  be  spurious  reading  and  not  Included  in  yield  computation. 
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The  propellants  were  released  by  rupturing  a  thin  diaphragm  in  the  6-in. 
port.  The  tanka  were  pressured  to  50  psia  to  assure  rapid  expulsion  of  the 
propellants „ 

Pressures  were  measured  with  gauges  at  ground  level  at  distances  of  25, 

50,  and  75  ft. 

In  the  first  test,  300  lb  of  fuel  and  1300  lb  of  oxidizer  were  used.  The 
diaphragms  were  ruptured  simultaneously,  and  the  fuel  was  emptied  In  less  than 
0 .5  sec  and  the  oxidizer  in  1.5  sec.  After  2  soc,  a  water  deluge  system  was 
actuated  which  deli  ered  100  gal/mi.n  into  the  spill  tray.  Several  weak  explo¬ 
sions  were  audible  at  a  distance  of  1,000  ft;  however,  the  blast  instrumentation 
did  not  detect  these  small  overpressures. 

In  the  second  test,  500  lb  of  fuel  and  800  lb  of  oxidizer  were  used,  and 
again  the  diaphragms  were  ruptured  simultaneously.  The  fuel  was  emptied  in 
approximately  0.625  sec  and  the  oxidizer  in  0.75  sec.  Multiple  explosions 
were  obtained,  the  largest  yielding  peak  overpressures  of  2.2  and  0.67  psi  at 
the  25-  and  7t»-ft  stations,  respectively.  These  correspond  to  yields  of  0.08 
and  0.14,  respectively.  (The  authors  of  Ref.  4-6  indicated  that  the  data 
from  the  50-ft  station  was  not  usable.) 

As  in  the  previous  test  series  the  data  from  the  last  station  was  taker, 
as  the  best  estimate  of  terminal  yield.  One  6-lli  and  one  12-lb  TNT  calibration 
shot  were  also  perforned  as  part  of  this  te vt  series.  The  pressure  values  for 
the  6-lb  shot  were  4.0  and  1.02  psi  at  the  25-  and  75-ft  stations,  respectively, 
and  those  for  the  12-lb  shot,  6.0  and  1.2  psi.  These  pressure  values  correspond 
to  yiell  values  ranging  from  53  to  77  percent  computed  by  means  of  the  surface- 
burst  TNT  ref  rence  curve. 

Considering  that  the  terminal  yield  estimate  is  based  on  one  gauge 
reading,  that  the  yields  are  very  small,  that  the  results  for  the  calibration 
shots  differed  by  almost,  a  factor  of  2  from  the  standard  curve,  and  that  no 
impulse  data  were  available,  it  is  estimated  that  the  absolute  value  of  the 
terminal  yield  is  uncertain  to  a  factor  of  about  3  or  4. 
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SPECIAL  TESTS 

* 

Aerojet  High-Inter face-Area  Teats  (Ref.  4-9) 

The  objective  of  this  program  was  to  determine  the  influence  of  the 
initial  interface  area  between  oxidizer  and  fuel  and  the  oxidizer-to-fuel 
weight  ratio  on  explosive  yield. 

In  these  tests  the  oxidizer  was  contained  in  a  number  of  small  cylindrical 
glass  Dewars  placed  in  an  aluminum  pan  containing  the  fuel.  Propellant  mixing 
was  accomplished  by  dropping  the  pan  a  distance  of  10  to  15  ft  onto  a  steel 
plate,  thereby  shattering  the  Dewars. 

Use  of  various  Dewar  sizes  permitted  variation  of  oxidizer-to-fuel 
ratio  and  Initial  interface  area  (defined  as  that  area  obtained  by  using  the 
mean  radius  of  the  double  wall  of  the  glass  Dewars)  .  Tests  were  performed 
using  three  different  contact  areas  for  each  of  three  oxidinar-to-fuel  weight 
ratios,  3:1,  2:1,  and  1:1.  The  three  contact  areas  were  slightly  different 
for  each  oxidizor-to-fuel  ratio;  however,  in  each  case  the  three  values  were 
in  the  order  of  3:2:4. 

The  blast  environment  was  measured  with  an  array  of  12  piezo-electric 
gauges  located  at  10,  25,  and  40  ft  from  ground  zero  along  four  radial  lines 
at  90  deg  to  each  other. 

Calibration  te*»ts  were  conducted  with  cylindrical  5-lb  TNT  and  composition 
C-4  charges  and  25-lb  TNT  charges,  which  were  positioned  near  the  ground  surface. 
The  autkors  stated  that  a  comparison  of  the  calibration  test  results  with  the 
data  of  Ref.  4-2  indicated  a  negligible  difference  at  all  gauge  distances. 

Peak  overpressures  and  positive-phase  impulses  from  each  of  the 
propellant  tests  are  given  in  Table  4-13  and  the  corresponding  explosive  yields 
computed  by  means  of  a  surface-burst  TNT  reference  curve  in  Table  4-14. 


*  In  tills  discussion  on?v  the  basic  overpressure  and  Impulse  data  were  obtained 
from  the  original  reference.  All  yield  computations  and  error  estimates  were 
made  for  this  report. 
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Table  4-13 

PEAK  OVERPRESSURE  AND  POSITIVE-PHASE -IMPULSE  DATA 
FROM  AEROJET  HIGH-INTERFACE-AREA  STUDY 
(Oxidizer-to-Fuel  Weight  Ratio  =  1:1) 


Interface 

Area 

Gauge 

(sq  ft) 

Line 

1 

2 

3 

8.88 

4 

Avg 

1 

2 

3 

18.0 

4 

Avg 

1 

2 

3 

35.9 

4 

Avg 

Distance  (ft) 
25 


62.9 
82,4 
75.2  I  11.9 


P  -  Peak  Overpressure,  psi 
I  -  Positive-Phase  Impulse,  psi-msec 


Table  4-13  (Cont.) 

(Oxidizer-to-Fuel  Weight  Ratio  =  3:1) 


Interface 
Area 
(sq  ft) 

Gauge 

Line 

.  - 

Distance  (ft) 

10 

25 

40 

P 

I 

P 

I 

P 

I 

1 

4.4 

26.8 

2.3 

12.0 

1.3 

8.6 

2 

* 

* 

2.5 

12.0 

1.4 

7.3 

12.6 

3 

5.2 

28.8 

2.3 

10.5 

1.5 

7.5 

4 

5.0 

26.9 

2.5 

14.0 

1.8 

7.5 

Avg 

4.9 

27.5 

2.4 

12.1 

1.5 

7.7 

1 

21.7 

95.2 

10.3 

39.5 

5.4 

29.5 

2 

16.3 

85.5 

13.2 

52.5 

4.9 

23.1 

25.4 

3 

19.5 

84.3 

10.3 

29.7 

5.5 

24.7 

4 

— 

— 

11.0 

34.5 

6.7 

25,5 

Avg 

19.2 

88.3 

11.2 

39.1 

5.5 

25.7 

1 

97.6 

★ 

30.3 

80.1 

14.5 

58.4 

2 

85.0 

186.0 

36.0 

89.9 

10.8 

43.7 

51.0 

3 

103.9 

* 

20.4 

55.2 

12.3 

43.2 

4 

103 . 1 

147.0 

o-fl  o 

70  r» 

C  Ct  • 

15.0 

e  i  e 
di  *  U 

Avg 

97.2 

166.5 

28.3 

74.4 

13.2 

49.2 

P  -  Peak  Overpressure,  psl 
I  -  Positive-Phase  Impulse,  psl-msec 
*  -  Gauge  damaged  by  fragments 
—  -  No  Gauge 
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Table  4-14 

EXPLOSIVE  YIELDS  FROM  AEROJET  HIGH-INTERFACE-AREA  STUDY 


Oxidizer- 

to-Fuel 

Weight 

Ratio 

Oxidizer- 

Fuel 

Interface 
Area  (ft2) 

Basis 

of 

Yield  (%)  at  Indicated 
Distance  (ft) 

Terminal 

Yield 

Estimate 

(%) 

Computation 

10 

25 

40 

8.88 

Pressure 

0.07 

0.42 

0.65 

2.0 

Impulse 

2.5 

2.9 

3.4 

1:1 

18.0 

Pressure 

0.47 

3.5 

4.8 

8.5 

Impulse 

15.2 

17.3 

11.1 

35.9 

Pressure 

5.0 

25.0 

29.3 

34 

Impulse 

52.7 

53.0 

42.3 

11.4 

Pressure 

0.05 

0.27 

0.34 

1.6 

Impulse 

2.5 

2.6 

2.5 

2:1 

22.9 

Pressure 

1.1 

6.2 

8.7 

12.4 

Impulse 

22.5 

23.0 

17.2 

45.5 

Pressure 

4.9 

22.6 

27.3 

36 

Impulse 

43.7 

56.6 

47.4 

12.6 

Pressure 

0.10 

0.39 

0.56 

1.5 

Impulse 

2.9 

2.4 

2.5 

3:1 

25.4 

Pressure 

0.93 

6.5 

7.8 

12.0 

Impul se 

21.4 

16.9 

14.8 

51.0 

Pressure 

8.2 

25.2 

33.0 

40 

Impulse 

63.3 

51 .0 

45.4 
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From  Table  4-14  It  can  be  seen  that  the  pressure  yields  are  Increasing 
with  distance  over  the  entire  distance  range,  that  the  Impulse  yields  are 
generally  decreasing  with  increasing  distance  (except  for  the  smallest- 
intsrface-area  cases),  and  that  although  the  pressure  and  impulse  yields  are 
converging  towards  each  other,  the  impulse  yields  at  the  farthest  station 
are  still  considerably  greater  than  the  pressure  yields.  This  yield-distance 
behavior  is  similar  to  that  obtained  in  the  AFRPL  impact  tests,  and  the  ter¬ 
minal  yields  given  in  Table  4-14  were  estimated  in  the  same  fashion  as  described 
for  the  Impact  tests. 

The  lack  of  duplicate  tests  in  this  test  series  makes  it  difficult  to 
estimate  the  uncertainty  in  the  results.  The  stated  goou  agreement  between 
the  expected  and  measured  results  from  the  calibration  shots  and  the  generally 
good  agreement  between  results  from  the  four  gauges  at  a  given  distance  suggest 
that  errors  due  to  the  instrumentation  system  or  blast  asymmetries  are  small. 

The  fact  that  terminal  yield  conditions  were  not  reached  within  the  measuring 
range  and  had  to  be  estimated  by  extrapolation  introduces  some  uncertainty  in 
the  terminal  yield  values.  This  uncertainty  is  particularly  large  for  the 
smallest  interface-area  tests,  since  the  impulse  yields  at  the  greatest  measur¬ 
ing  distance  were  still  about  a  factor  of  5  to  7  greater  than  the  pressure 
yields.  For  the  intermediate-  and  high-interface-area  cases,  the  differences 
were  about  factors  of  2  and  1.5,  respectively.  Based  on  these  differences  and 
the  test-to-test  reproducibility  obtained  in  other  test  series,  it  is  estimated 
that  the  terminal  yields  for  the  highest-interf ace-area  cases  are  uncertain 
to  about  a  factor  of  1.5,  those  for  the  intermediate-area  cases  to  about  a 
factor  of  2,  and  those  for  the  smallest  areas  about  a  factor  of  3  to  4. 

* 

Aerojet  Detonability  Tests  (Ref.  4-10) 

This  test  series  consisted  of  11  detonability  tests  using  130  to  140  lb 
of  propellant.  The  test  setup  consisted  of  a  vertical  Plexiglas  tube,  9-13/16 
in,  ID  by  42  in.  long  with  a  1/ 8-in. -thick  wall,  containing  11  test  tubes 
approximately  45  in.  long  fabricated  from  47-mm  ID  Pyrex  tubing  of  2-mm  wall 
thickness.  The  Plexiglas  tube  was  pressed  onto  a  ring  of  Presstite  putty  on  a 


*  In  this  discussion  the  basic  overpressure  and  explosive  yield  values  were 
obtained  from  the  original  reference.  Only  the  terminal  yi  Id  and  error 
estimates  were  made  for  this  report. 
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24-in. -square  by  1/8-in. -thick  Plexiglas  sheet  which  was  placed  on  a  9-l/'2-in.- 
dianeter  by  9-in. -long  cylinder  (approximately  45  lb)  of  composition  B  explo¬ 
sive.  The  Plexiglas  sheet,  served  both  as  the  bottom  of  the  N2°4  vessel  and 
as  a  blast  shield  to  prevent  detonation  products  from  the  booster  from  obscuring 
the  detonation  wave  in  the  hypergolic  mixtures.  A  sketch  of  the  test  configur¬ 
ation  is  presented  in  Fig.  4-22. 

Primacord  (Type  A-5  mild  detonating  fuse)  was  suspended  along  v ...  a  entire 
length  of  each  test  tube  to  provide  the  shock  stimulus  to  shatter  the  tubes 
and  initiate  mixing  of  the  fuel  and  oxidizer.  In  order  to  ensure  the  genera¬ 
tion  cf  a  reasonably  planar  shockwave  at  the  booster —  propellant  interface, 
the  composition  B  booster  was  initiated  simultaneously  at  seven  points  on  its 
bottom  surface  (by  seven  commonly  initiated  lengths  of  Priroacord  which  terminated 
in  cylindrical  charges  of  composition  C-4  explosive  in  precast  cavities  in  the 
bottom  surface  of  the  booster). 

Immediately  before  testing,  the  Pyrex  tubes  were  filled  to  a  depth  of 
40  in.  with  fuel;  then,  the  oxidizer  was  added  remotely  to  the  outer  cylinder 
to  the  same  depth,  to  give  a  total  propellant  weight  of  130  to  140  lb,  with 
an  oxidizer-fuel  weight  ratio  of  about  2.4:1. 

The  blast  yield  of  the  system  was  measured  by  four  Atlantic  Research 
Corporation  Model  hC-33  piezoelectric -type  blast  gauges  located  15.0,  21.9, 

34.7,  and  60.3  ft  from  the  center  of  the  charge.  The  TNT  equivalence  was 
determined  by  comparing  the  overpressure  from  the  propellant  system  with  a 
shock  overpressure  vs  distance  curve  for  the  test  area  previously  obtained 
with  the  same  gauge  array,  using  various  weights  of  composition  B  and 
composition  C-4  explosive. 

The  only  parameter  varied  in  these  tests  was  the  delay  time  between 
initiation  of  the  mild  detonating  fuse  (MDF)  and  initiation  of  the  composition 
B  booster. 

The  results  of  the  tests  are  summarized  in  Table  4-15.  It  can  be  seen 
that  in  the  majority  of  cases  the  pressure  from  the  first  station  was  signifi¬ 
cantly  lower  than  those  from  the  others.  Accordingly,  terminal  yields  were 
estimated  by  averaging  the  results  from  the  last  three  stations.  Duplicate 
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Teat 

No, 

Delay 

Time* 
(rsei > 

Gauge 

No.** 

Overpressure 

(P»l) 

Yield 

<%) 

Terminal 

Yield 

(%> 

■ 

1 

180 

10,4 

N/A-2 

2 

65 

43.3 

52 

3 

29.1 

G6.8 

4 

8.1 

46.4 

1 

231 

27,8 

N/A-3 

3 

2 

57 

28.1 

3 

23.4 

34,7 

4 

7.9 

42.9 

Wm 1 

1 

237 

25.9 

N/A-4 

0.6 

2 

74.8 

56.1 

51 

3 

No  data 

- 

4 

8.0 

45.0 

1 

135 

<0 

N/A-5 

0.3 

2 

No  data 

- 

44 

3 

29.1 

63.4 

4 

6.6 

23.7 

1 

113 

ph 

N/A-6 

0.1 

2 

48.5 

16 

3 

20.8 

4 

5.8 

IE  ESI 

1 

28.9 

6.2 

N/A-7 

- 

2 

14.6 

9.9 

20 

3 

8.0 

IS. 8 

4 

3.3 

23.5 

1 

23.9 

1 

117 

HjjSjf 

N/A-8 

6 

2 

50.7 

16 

3 

17.1 

KflUii 

4 

5.8 

Kan 

*** 

1 

26.4 

6.3 

1 

122 

<0 

N/A-9 

6 

2 

49.6 

18.0 

14 

12,3 

<0 

4 

6.5 

25.1 

1 

226 

N/A-10 

0.6 

2 

72.0 

49.0 

41 

3 

19.3 

29.5 

4 

7.7 

44.0 

1 

151 

0.3 

N/A-ll 

0.1 

2 

49.7 

18.4 

28 

3 

No  data 

- 

4 

7.5 

38.6 

1 

No  data 

N/A-ia 

- 

2 

16.4 

18 

3 

8.3 

4 

3.4 

*  Delay  time  =  time  between  initiation  of  MDF  train  and  initia 
of  Composition  B  booster, 

**  Gauge  1,  2,  3,  and  4  located  15.0,  21.9,  34.7,  and  60,3  ft 
the  i  large. 

***  Initial  shock  of  fireball  engulfing  Gauge  No.  1  before  initi. 
on  booster. 
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tests  were  run  in  four  of  the  test  conditions.  In  two  of  these  conditions  the 
two  values  agreed  within  a  factor  of  1.1  of  each  other;  in  one,  a  factor  of 
1.2;  and  in  the  last,  a  factor  of  about  1.5.  Considering  this  degree  of  repro¬ 
ducibility  and  the  lack  of  impulse  data,  It  is  estimated  that  the  terminal 
yields  listed  are  uncertain  to  about  a  factor  of  1.5. 

In  addition  to  the  Instrumentation  described  above,  pressure  probes  were 
mounted  on  the  Plexiglas  cylinders,  and  streak-camera  photographs  were  taken 
to  measure  detonation  velocity  in  the  propellant  mixture. 

No  evidence  of  a  propagating  detonation  was  noted  in  any  of  the  tests; 
however,  rapidly  fading  shock  waves  were  noted  on  tests  N/A-4  and  J^A-5.  These 
were  attributed  to  the  decaying  shock  from  the  booster  with  slight  contribution 
by  the  propellant  mixture.  The  authors  of  Ref.  4-10  concluded  that  with  this 
configuration  the  propellant  mixture  is  incapable  of  steady-state  detonation. 

Atlantic  Research  Laboratory  Ttests  (Ref,  4-11) 

This  tost  series  included  several  hundred  experiments  with  milliliter 
quantities  of  propellants  and  used  a  variety  of  test  geometries.  Because  of 
the  small  quantities  of  propellants  used,  no  actual  pressure  measurements  were 
attempted.  The  tests  were  documented  by  high-speed  photographs  and  visual  ob¬ 
servations.  The  number  and  variety  of  these  tests  makes  it  imp-  ctical  to  sun- 

i 

marize  the  results  in  this  report,  and  the  reader  is  referred  tc  the  original 
work  for  details.  For  the  purpose  of  this  report,  perhaps  the  most  important 
conclusion  of  the  experimenters  was  that  the  full  body  of  their  results  is  in¬ 
consistent  with  the  explosion  being  a  hydrazine  vapor-air  explosion,  as  sugges¬ 
ted  in  the  small-scale  spill  test  results  of  Ref.  4-6. 
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Part  3 

SUMMARY  OP  DATA  AND  CONCLUSIONS 


Parts  1  and  2  of  this  section  presented  the  data  from  the  32  tests 
conducted  during  the  basic  FYRO  program  and  an  additional  100  tests  conducted 
during  recent  years  by  a  number  of  other  agencies  using  the  hypergolic 

propellant  combination  No0V50%  UDMH  -  50%  N„H „ . 

2  4  2  4 

From  the  results  of  these  tests,  it  Is  clear  that  the  explosive  yield  of 
the  NgO^/50%  UDMH  -  50%  propellant  combination  is  very  dependent  on  the 

failure  mode  and  tankage  configuration  as  well  as  on  the  Inherent  properties 
of  the  prop-s Hants ,  Thus  the  process  of  selecting  the  maximum  credible 
explosive  yield  for  this  propellant  combination  Involves  first  establishing 
the  failure  modes  and  tankage  configurations  considered  credible,  then 
obtaining  estimates  of  the  explosive  yields  for  each  case,  and  finally 
selecting  the  largest  of  these  explosive  yields. 

Since  not  all  configurations  using  this  propellant  combination  appear 
to  have  the  same  credible  failure  modes,  use  of  a  single  explosive  yield 
value  (determined  in  the  fashion  described  above)  will  be  overly  conserva¬ 
tive  for  many  cases.  Accordingly,  it  seems  desirable  to  use  not  one,  but  a 
number  of  explosive  yield  values  for  this  propellant  combination,  each  value 
corresponding  to  the  worst  credible  failure  mode  for  the  designated  configuration. 

The  following  generalized  configurations  seem  to  provide  a  reasonable 
grouping  for  this  purpose: 

1.  Static  test  stand 

2 .  Launch  pad 

a.  Pre  launch 

b.  Launch 

3.  Post  launch 

a.  In  flight 

b.  Ground  Impact 


i  -- 
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Static  Teat  Stand 

For  the  static  test  stand  case  it  is  assumed  that  the  tanka,  and  in 

particular  the  tank  support  systems,  are  strong  enough  so  that  failure 

modes  which  involve  the  entire  tank  structure  falling  off  its  rapports  are 

not  credible.  It  is  further  assumed  that  there  will  be  no  large  explosive 

* 

sources  in  the  vicinity  that  can  act  as  exploitive  donors.  This  leaves  as 
credible  failure  modes  those  involving  bulkhead  (diaphragm)  ruptures,  tank 
wall  failure  (resulting  in  propellant  spills)  or  possible  smr. Ll  explosive 
donors  (e.g.,  rupture  of  high-pressure  gas  tanks).  The  sciile-model  tests 
which  correspond  to  those  failure  modes  are  the  diaphragm  rupture  tests, 
confinement  by  the  mljsile  tests,  spill  tests,  100-ft  tower  drop  tests  and 
the  small  explosive  donor  tests. 

The  data  presented  in  Parts  1  and  2  indicated  that  the  range  of  terminal 
explosive  yields  and  the  estimated  upper  limit  yield  for  each  of  these  modes 
is  as  fellows: 


Terminal  Yield 
Range  (%) 

Estimated 
Upper  Limit 

Diaphragm  rupture  (confinement 
by  the  missile) 

0,01  -  0.8 

1.5 

Spill 

0.02  -  0.3 

0.5 

Small  explosive  donor 

0.8  -  1.2 

2.0 

Tower  drop 

0.2  -  0.4 

0.6 

Based  on  the  largest  of  these,  the  small  explosive  donor,  the  maximum 
credible  yield  selected  for  the  static  test  stand  case  is  2%.  It  is  possible, 
however,  that  in  many  static  test  stand  situations  an  explosive  donor  will  not 
be  present.  For  these  cases,  the  next  highest  failure  mode  could  be  used, 
i.e.,  diaphragm  rupture,  and  the  maximum  credible  yield  would  be  1.5%. 


*  The  only  source  of  large  er plosive  yield  considered  credible  for  any 

situation  is  another  stage  of  the  vehicle.  In  the  static  test  stand  case, 
it  is  assumed  that  only  one  stage  is  tested  at  a  time. 
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Section  5 

CRYOGENIC  PROPELLANT  PROGRAM 

During  the  program  a  total  of  212  tests  using  the  cryogenic  propellant 
combinations  liquid  oxygen-RP-1  ^LO^/RP-l^  and  liquid  oxygen-liquid  hydrogen 
^LOg/LHg^  were  conducted.  For  purposes  of  discussing  and  presenting  the  re¬ 
sults  from  these  tests,  this  section  of  the  report  has  been  organized  as  fol¬ 
lows: 

Part  1  -  Conf inement-by-the-Missile ,  Conf inement-by-the-Ground-Surface , 
and  High-Velocity-Impact  test  procedures  and  test  hardware. 

Part  2  -  Test  results  from  the  basic  program. 

Part  3  -  Discussion  of  results  from  the  basic  program. 

Part  4  -  Full-Scale  Tests,  Includes  a  failure  test  of  a  Saturn  S-IV  with 

-100,000  lb  LO  /LH  and  a  Titan  with  -100,000  lb  L0  /RP-1. 

2  2  2 

Part  5  -  Discussion  of  yield  and  ignition  time  scaling. 


Launch  tad 


This  failure  category  has  been  divided  into  two  avb- categories;  pre-launch 
and  launch. 

The  pre-launch  category  is  very  similar  to  the  static  test  stand  case  and 
the  same  failure  modes  apply,  i.e.,  diaphragm  rupture,  spill,  small  explosive 
donor,  and  tower  drop.  Thus,  the  maximum  credible  yield  for  the  pre-launch 
category  is  2%.  The  launch  category  includes  the  static  test  stand  failure 
modes  as  well  as  command  destruct  and  large  explosive  doner.  This  category, 
however,  does  not  Include  the  high-velocity-impact  case  (either  from  a  high-al¬ 
titude  fallback  or  from  turn-around  and  powered  Impact)  since,  in  these  cases, 
the  point  of  impact  on  the  ground  surface  is  almost  sure  to  be  at  a  consider¬ 
able  distance  lrom  its  launch  pad. 

Although  the  separation  between  low-  and  high-velocity  impact  is  somewhat 
arbitrary,  it  is  assumed  that  the  low-velocity  case  is  limited  to  a  velocity  on 
the  order  of  140  ft/sec  (corresponding  to  free  fall  from  a  height  of  about  300 
ft).*  The  high-velocity  case  is  assumed  to  have  an  upper  limit  of  about  600 
ft/sec.  It  is  also  assumed  that  for  a  silo  geometry,  the  maximum  impact  veloci 
ty  would  be  significantly  less  than  that  for  the  flat-pad  case  (ay  by  a  factor 
of  2)  because  of  the  lower  probability  of  the  vehicle  falling  directly  back  in¬ 
to  the  silo  from  the  greater  heights. 

The  terminal  explosive  yields  for  each  of  the  failure  modes  included  under 
the  launch  pad  failure  category  are  as  follows: 


TERMINAL  YIELD  RANGE  (%) 

ESTIMATED  UPPER  LIMIT 

Diaphragm  rupture  (CBM) 

0.01  -  0.8 

1.5 

Spill  (CBGS) 

0.02  -  0.3 

0.5 

Small  explosive  donor 

0.8  -  1.2 

2 

Large  explosive  donor 

3.4  -  3.7 

5 

Command  destruct 

0.3  -  0.35 

0.5 

310-ft  drop  (CBGS) 

~1.5 

3 

Assumption  is  based  on  premise  that  failure  is  much  less  likely  to  occur  when 
the  vehicle  has  traversed  on  its  own  length  since  by  that  time  it  will  have 
cleared  all  launch  support  facilities.  The  maximum  vehicle  length  has  been 
taken  as  about  300  ft. 
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PART  1  -  CONFINEMENT-BY-THE-MISSILE  ,  CONFINEMENT-BY-THE -GROUND-SURFACE ,  AND 
HIGH -VELOCITY -IMPACT  TEST  PROCEDURES  AND  TEST  HARDWARE. 

CONFINEMENT  BY  THE  MISSILE 

These  tests  were  intended  to  investigate  the  interaction  of  the  propellants 
for  the  case  where  an  internal  failure  occurs  and  one  propellant  falls  down 
onto  the  other.  The  duration  of  interest  of  this  tank  confinement  case  is 
limited  to  the  time  that  the  propellants  remain  confined  by  the  walls  of  the 
missile.  This  time  is  determined  by  the  strength  of  the  tankage,  the  rate  of 
vaporization  of  the  cryogenic  propellants, the  initial  tank  pressures,  and  the 
initial  ullage  space. 

Test  Tanks 


The  primary  requirement  of  the  tankage  for  this  test  condition  was  to 
contain  the  propellants  in  the  proper  length-to-diameter  ratio  until  the 
internal  pressure  created  by  the  vaporization  of  the  cryogenic  propellants 
exceeded  the  normal  vehicle  tankage  design  burst  pressure.  From  communica¬ 
tions  with  AFRPL  and  various  vehicle  manufacturers,  it  was  determined  that 
most  vehicle  fuel  tankage  would  fail  at  internal  pressures  well  below  100  psi. 
Accordingly,  this  value  (100  psi)  was  chosen  as  the  design  burst  pressure  for 
the  tank. 

A  complete  discussion  of  the  rationale  for  this  test  series  is  presented 
in  Section  3.  In  this  discussion  a  list  of  important  parameters  was  presented. 
These  parameters  which  had  a  direct  influence  on  the  design  of  the  tanks  and 
test  hardware  are  repeated  below: 

•  Propellant  type:  LOg/RP-l,  LOg/LH^ 

•  L/D  ratio:  5:1,  1.8:1  (considered  to  be  the  length-to-diameter 
ratio  of  the  propellant  masses) 

•  Propellant  weight:  200,  1,000,  25,000  lb 

•  D  /D  ratio:  1:1  and  0.45:1  (where  D  is  the  diameter  of  the 
opening  in  the  diaphragm  and  Dt  Is  the  vehicle  diameter) 

•  Type  of  ignition:  detonator  or  squib 


5-2 


BV---* 


The  Uraintl  yields  i~>r  the  first  five  failure  modes  nrt  obtained  fro* 

Parts  1  and  2  of  this  section.  The  yield  for  the  300  ft  drop  was  obtained  f ra 
Fig.  4-23,  a  plot  of  terminal  yield  vs  impact  velocity.  Tor  this  estissts  only 
the  flat-pad  data  were  used  since  it  is  assumed  that  the  area  immediately  adjacent 
to  the  launch  pad  would  most  likely  be  paved  or  at  least  hard  ground. 

A  best-fit  curve  through  the  flat-pad  data  indicates  that  a  credible  yield 
for  this  case  would  be  approximately  1.5%,  with  an  estimated  uncertainty  of  1.5 
to  2. 


It  will  be  noted  that  the  highest  yields  were  obtained  from  the  large  explo¬ 
sive-donor  case.  It  should  be  noted,  however,  that  an  explosive  donor  weighing 
2  or  3  times  the  effective  weight  of  the  exploding  propellant  mass  was  required 
to  achieve  this  large  a  yield.  Thus,  in  any  case  where  this  situation  occurs, 
there  would  be  more  concern  about  the  blast  from  the  donor  than  that  from  the  pro¬ 
pellant  explosion.  For  this  reason  it  seemed  reasonable  to  present  two  yield 
values  for  this  case;  one  with  a  large  explosive  donor  and  one  without.  The  es¬ 
timated  maximum  credible  yield  values  for  the  launch  category  with  a  large  ex¬ 
plosive  donor  is  5%  and  without  a  large  explosive  donor  3%. 

Estimation  of  a  credible  yield  value  for  the  silo  case  is  slightly  more  un¬ 
certain  than  for  the  flat-pad  case.  A  lower  credible  drop  height  of  say  150  ft 
would  tend  to  reduce  the  yield  a  factor  of  2  below  the  flat-pad  value,  however, 
confinement  would  tend  to  increase  it.  The  model-missile  tests  discussed  in  Part 
2  suggest  that  for  the  spill  case,  sixo  confinement  Increases  yields  by  about  a 
factor  of  4.  Since  there  is  no  reason  to  expect  confinement  effects  to  be  less 
than  this  for  low-velocity  impact,  it  appears  that  confinement  effects  will  more 
than  counteract  the  effects  due  to  a  uecrease  in  impact  velocity.  Thus  the  best 
estimate  of  a  maximum  credible  terminal  yield  for  the  silo  case  would  be  6% 
(assuming  no  large  explosive  donor). 

Post  Launch 


Failures  after  launch  have  been  divided  into  two  subcategories,  in-flight 
and  ground  impact.  Although  no  data  have  been  obtained  for  the  in-flight  case, 
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■  Internal  design  operating  pressure  of  the  tankage:  upper  tank 
30  psi,  lower  0  psi  (chosen  to  simulate  the  effects  of  the 
gravitational  and  pressure  head  of  the  top  propellant) 

e  Tank  rupture  at  approximately  100  psi 

Aside  from  these  general  parameters,  there  were  many  other  requirements 
which  were  considered  to  be  important  and  were  included  in  the  design  criteria 
for  the  tanks  and  test  hardware.  These  were: 


•  Fuel  volumes  that  were  consistent  with  the  oxidizer-to-fuel 
ratios  in  normal  vehicle  usage,  i.e.,  IX)  /RP-1  =  2.25:1, 

L02/LH2  =5:1 

•  An  ullage  space  consistent  with  normal  vehicle  usage 

•  Low  total  mass  of  tank  so  as  to  cause  minimal  interference 
with  the  explosion  of  the  mixed  propellants 

•  Tank  materials  compatible  with  the  propellant  combinations 

•  Fabrication  techniques  in  general  use  throughout  the  industry 
to  keep  the  lead  time  short  and  costs  low 

a  A  diaphragm  removal  system  which  would  bring  the  two 
propellants  together  rapidly,  reproducibly,  and  with 
minimal  influence  on  the  subsequent  mixing  process 

With  all  these  items  taken  into  consideration,  the  basic  design  shown  in 
Fig.  5-1  was  chosen.  This  is  a  thin-walled  right  circular  cylinder  with  2’1 
ellipsoidal  domed  ends.  This  design  was  the  strongest,  for  the  mass  of  the 
tank,  which  could  be  readily  and  inexpensively  fabricated. 

Fabrication 


The  200-  and  1,000-lb  tanks  were  fabricated  by  URS.  The  cylindrical  shells 
and  l’langes  were  shop-fabricated  from  tempered  aluminum.  The  domed  ends  were 
spun  on  hardwood  molds  and  then  heat  treated  before  assembly.  The  shell  and 
dome  thicknesses  were  1/16  in.  for  the  200-lb  tanas  and  1/8  in.  for  the 
1,000-lb  tanks. 

The  25,000-lb  tanks  were  fabricated  by  the  Marshall  Space  Flight  Center, 

Huntsville,  Alabama.  The  dome  thicknesses  were  5/16  In,  for  the  LQ„/RP-1  and 

3/16  in.  for  the  LO  /LH  tank3.  The  shell  thicknesses  were  3/16  in.  for  the 

& 

LOg/RP-l  and  1/4  in.  for  the  I l^/LMg  tanks. 
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Fig.  4-23.  Terminal  Yield  vs  Impact  Velocity  for  Hypergollc 
High-Velocity  Impact 
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credible  failure  mode  for  iki  ui-Sltfi:  cam  ipni>«  to  be  the  large  explosive 
donor.  The  date  presented  earlier  suggested  that  the  explosive  yield  for 
this  case  Is  about  3%. 

The  worst  credible  failure  aode  for  the  ground-impact  case  has  been 
assumed  to  be  high-velocity  impact ,  The  data  from  the  experimental  tests, 

(see  Fig.  4-23)  indicates  that  at  the  maximum  impact  velocity  investigated, 
about  570  ft/sec,  the  mean  of  the  explosive  yields  varied  from  about  18 
percent  for  impact  on  a  flat  surface  up  to  well  over  40  percent,  depend¬ 
ing  on  the  degree  of  cratering,  and  therefore  confinement,  provided  by  the 
target  surface.  The  estimated  upper  limit  for  these  two  failure  modes 
is  25%  for  the  flat  surface  case  and  60%  for  the  cratering  case. 

Although  the  ground-impact  case  gives  large  yield  values,  it  is  not 
clear  how  this  yield  value  can  be  used  for  design  purposes  or  for  establish¬ 
ing  safety  distances  because  of  the  large  uncertainty  In  the  point  of 
impact . 


Modifications  to  the  Terminal  Yield  Values 

The  explosive  yield  values  quoted  for  each  of  the  failure  mode  categories 
is  the  terminal  yield,  i.e,,  the  yield  obtained  at  long  distances  ifrom  the 
explosion  where  both  the  pressure  and  impulse  data  values  tended  to  reach  a 
constant  value . 

In  order  to  use  these  data  at  locations  other  than  at  long  distances,  it 
is  necessary  to  examine  the  comparison  between  the  shapes  of  propellant  pres¬ 
sure  and  impulse  distance  curves  and  those  for  TNT.  These  comparisons  are 
shown  in  Figs.  4-24  and  4-25,  which  are  plots  of  the  pressure  or  scaled 

I/O  1/3 

impulse  (I/WT  )  as  a  function  of  scaled  distance  (D/WT  ).  Each  point 
represents  the  average  cf  the  data  item  all  gauges  (usually  two  cr  three)  at 
&  giver  distance  for  a  given  test. 
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The  basic  dimensions  for  the  200-,  1,000-,  and  25,000-lb  tanks  are 
presented  in  Fig.  5-2  and  a  photo  of  a  25,000-lb  LOg/RP-l  test  tank  is 
presented  in  Fig.  5-b. 

The  Diaphragm  and  Diaphragm  Removal  Mechanism 

The  diaphragm  system  used  for  the  CBM  test  series  consisted  of  a  sheet 
of  tempered  glass  which  was  broken  by  an  explosively  driven  ram  (the  same 
system  used  in  the  hypergolic  program).  The  tempered  glass  •vas  held  in  place 
by  a  clamping  ring  and  bolted  flanges  and  was  sealed  using  Teflon-impregnated 
asbestos  gasket  material.  The  breaker  used  was  a  slx-finned  stainless  steel 
probe.  To  assure  complete  removal  of  the  tempered  glass,  a  clean-out  ring 
was  attached  to  the  tips  of  the  fins.  A  sketch  of  a  200-lb  test  article 
diaphragm  breaker  is  shown  in  Fig.  5-4  and  a  photo  of  a  diaphragm  breaker 
in  place  in  a  25,000-lb  test  article  is  shown  in  Fig.  5-5. 

The  breaker  was  mounted  on  the  end  of  a  long  rod  extending  through  a 
Wilson  seal  in  the  top  of  the  tank  and  was  capped  by  a  flat,  square  piato. 
This  plate  held  a  small  explosive  charge  of  C-4,  which  drove  the  breaker 
through  the  tempered  glass. 


CONFINEMENT-BY-THE-GROUND-SURFACE 

This  test  series  was  intended  to  investigate  the  interaction  of  pro¬ 
pellants  subseque  it  to  tank  rupture,  when  the  propellants  are  impacting  on  a 
flat,  horizontal  surface.  \  complete  discussion  of  the  rationale  for  this  test 
condition  is  presented  in  Section  3.  In  this  discussion,  a  list  of  important 
parameters  was  presented.  Those  parameters  which  have  had  an  Influence  on  the 
design  oi  the  experimental  hardware  are  presented  below: 

•  Propellant  type:  LO^/RP-l  -  LO^/LHg 

•  Propellant  length-to-diameter  ratio:  1.8:1  to  5:1 

•  Propellant  velocity:  (low  drop)  15  to  20  fps 

(medium  drop)  40  to  50  fps 
(high  drop)  70  to  80  fps 
High-Velocity  Impact  ~  600  fps 


$ 

£ 
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PROPELLANT 

WEIGHT 

PROPELLANT 

L/D 

DIMENSIONS 

(in.) 

(lb) 

TYPE 

A 

B 

C 

D 

E 

LO./LH 

1.8 

23} 

13 

36} 

31} 

11} 

200 

2  2 

5 

16} 

23} 

70} 

62} 

21} 

L0  /RP 

1.8 

15* 

13} 

20} 

17} 

12} 

4  1 

5 

11* 

24} 

38} 

33} 

22} 

1000 

LOa/RPi 

1.8 

26} 

19} 

35} 

29} 

21} 

lo2/lh2 

1.8 

39} 

20} 

61} 

52} 

18} 

25000 

lo2/rp1 

1.8 

78 

65} 

101} 

90} 

61 

*«  U  V  V  V 

“^2 

1.8 

114 

63 

183 

164 

57 

Fig.  5-2.  Cryogenic  Conf inement-by-the-Missile  Tanks 
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■T  1*  tba  1WT  equivalent  Nl|ht  of  the  test  (In  pounds)  and  is  equal  to  the 
product  of  the  total  propellant  weight  and  the  terminal  yield.  In  Fig.  4-24. 
the  pressure— distance  curve,  it  can  be  aeon  that  l'or  all  practical  purposes  the 
upper  bound  for  the  hlgh-veloclty-lmpact  data  is  the  TNT  curve.  For  the  other 

data,  however,  the  upper  bound  tends  to  lie  somewhat  below  the  TNT  curve  at 

1/3 

pressures  above  4  pal  (scaled  distance  of  about  15  ft/lb  ). 

In  Fig.  4-25,  the  Impulse  data  la  compared  with  the  TNT  curve.  In  this  case 
the  data  tend  to  lie  generally  above  the  TNT  curve.  In  Fig.  4-26a  and  4-26b,  the 
peak  overpressure  and  positive-phase  impulse  upper  bounds  are  plotted  as  a  ratio 
of  the  TNT  curve.  Conservative  estimates  of  the  pressure  and  impulse  values  to 
be  expected  from  propellant  explosions  can  be  obtained  by  applying  the  pressure 
and  impulse  values  obtained  from  the  standard  TNT  reference  curves  by  these 
ratios . 
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Fig.  4- 26a.  Ratio  of  Upper  Bound  of  Propellant  Pressure  Data  to  Standard 
TNT  Curve  (solid  line:  high-velocity-impact  data;  dashed 
line:  other  test  data) 


4  5  6  3  10  15  20  30  40  60  80 

SCALED  DISTANCE  (ft/lb1/*) 


Fig.  4-26b,  Ratio  of  Upper  Bound  of  Propellant  Impulse  Data  to  Standard 
TNT  Curve  (solid  line:  high-velocity-impact  data;  dashed 
line:  other  test  data) 
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Fig.  5-5,  Diaphragm  Breaker  Ram  for  25,000-lb  Thnk 
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t  Flow  ui^eutioui  Vvititul  and  horizontal 

Aside  from  these  general  parameters,  there  were  many  other  requirements 
which  were  considered  to  be  important  and  were  included  in  the  design  criteria 
for  the  experimental  arrangement.  These  were  as  iollows; 

•  Tankage  should  be  light  and  frangible  so  as  not  to  interfere 
with  the  expansion  and  subsequent  measurement  of  the  blast  wave, 

•  Tankage  should  release  the  propellants  rapidly  and  uniformly,  and 

all  tankage  should  be  kept  clear  of  the  mixing  area  of  the  propellants. 

•  The  two  propellants  should  make  first  contact  at  or  near  the  ground 
surface. 

•  The  propellants  should  flow  concentrically  from  GZ  to  minimize  blast 
asymmetries. 

a  Tank  material  compatible  with  propellant  combinations. 

•  Fabrication  techniques  in  general  use  throughout  industry. 

Low  Drop  Tests  (Impact  velocity  ~23  ft/sec) 

In  this  test  series,  the  tanks  were  suspended  with  the  bottom  of  the  tank 
2  to  3  ft  above  the  test  pad,  filled  with  propellant,  and  allowed  to  drop  onto 
a  breaker,  which  ripped  open  the  bottoms  of  both  propellant  compartments.  As 
soon  as  the  bottom  of  the  tank  was  broken,  the  tank  was  stopped  by  a  rigid 
frame  and  the  propellants  allowed  to  spill  out  onto  the  test  pad. 

The  basic  experimental  configuration  for  those  tests  (shown  in  Fig.  5-6) 
consisted  of  a  lightweight,  frangible  frame  and  a  thin-walled  frangible  tank 
assembly.  The  frame  and  tank  were  constructed  of  aluminum  to  minimize  the 
size  of  the  fragments  produced. 

The  tankage  assembly  consisted  of  a  right  cylindrical  tank,  guide  tubes, 
fueling  ports,  and  for  the  tanks  containing  the  cryogenic  propellants,  a  remote 
liquid-level  measuring  system  and  lightweight  tank  Insulation.  The  cylindrical 
tank  was  of  welded  aluminum  construction  with  a  wall  thickness  of  50  mils.  The 
bottom  was  aluminum  foil  5  rail;*  thick.  Equally  spaced  vertically  around  the  tank 
were  three  lightweight  aluminum  pipes,  which  served  as  guides  during  the 
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free-fall  of  the  tank.  The  tank  was  suspended  on  a  simple  frame,  which  had  three 
slender  (5/8  in.)  aluminum-rod  legs.  These  legs  passed  through  the  aluminum 
pipes  attached  to  the  tanks.  The  tank  assembly  was  suspended  from  the  frame  by 
a  1/8-in.  aircraft  cable,  which  was  passed  through  an  explosive  cable-cutting 
device. 

To  rapidly  remove  the  diaphragm,  the  tank  was  dropped  onto  a  six-bladed 
diaphragm  breaker.  This  breaker  was  constructed  of  tempered  aluminum  blades 
which  had  been  filed  razor  sharp  on  the  top  or  cutting  edges.  For  the  L/D 
of  1.8  tests,  a  single  breaker  was  fastened  to  the  bottom  of  the  frame. 

For  the  somewhat  longer  tank  in  the  L/D  of  5  tests,  a  secondary  breaker  was 
included  in  the  lower  tank.  This  secondary  breaker,  which  broke  the  dia¬ 
phragm  on  the  top  tank, was  activated  by  the  first  breaker  as  it  pushed 
through  the  lower  tank  diaphragm. 

Later  in  the  program  a  100-ft  drop  tower  was  installed  for  the  high  drop 
test  series.  This  tower,  which  is  discussed  in  detail  in  Section  4,  furnished 
an  excellent  support  for  the  remaining  200-  and  1,000-lb  low-velocity  tests, 
and  the  configuration  shown  in  Fig.  5-7  was  used.  In  this  configuration, 
the  propellant  tanks  were  essentially  the  same  as  before,  but  the  tank  was 
guided  on  two  taut  aircraft  cables  attached  between  the  tower  and  the  ground 
surface.  The  tanks  were  released  by  means  of  an  explosive  cable-cutting  device 
and  dropped  onto  a  six-bladed  diaphragm  breaker. 

A  limited  number  of  tests  were  conducted  using  the  horizontal 
flow  direction.  For  this  test  condition  it  was  required  that  the  lower  pro¬ 
pellant  have  as  low  a  velocity  as  possible  and  the  top  propellant  have  a 
velocity  much  higher  then  the  lower  propellant.  Thus,  for  this  test  series, 
the  configuration  shown  in  Fig.  5-8  was  used.  This  configuration  used  two 
breakers,  one  installed  on  the  test  pad  to  open  the  bottom  tank  diaphragm  and 
the  second  Installed  on  the  top  of  the  bottom  tank  to  open  the  top  tank  dia¬ 
phragm.  A  photograph  of  an  LO  /RP-1  horizontal  drop  test  article  in  place 
on  the  test  pad  is  shown  in  Fig.  5-9  and  a  close-up  of  the  breaker  on  the  top 
of  the  bottom  tank  is  shown  in  Fig.  5-10. 


Fig.  5-9.  200-lb-L0_/ RP-1  Horizontal  CBGS  Test  Configuration 
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Fig,  5-10.  Diaphragm  Breaker 
CBGS  Tank 


Lower  Tank  of  Horizonta 
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Medium  Drop  Tests  (Impact  Velocity  ~  44  ft/sec) 

In  this  test  series  the  tanks  were  suspended  so  that  the  bulkhead  separating 
the  two  propellants  was  ~  30  ft  above  the  test  pad.  ’Ihe  200-  and  1,000-lb 
tests  in  this  series  were  conducted  using  the  lower  portion  of  the  100-ft  drop 
tower  which  is  described  In  the  previous  section. 

The  tanks  were  essentially  the  same  type  used  in  the  low-velocity  drop 
test  series  (i.e.,  thin  walls  and  an  aluminum  foil  bottom).  A  typical  tank 
and  guide  assembly  is  shown  in  Fig.  5-71. 

For  the  25,000-lb  medium  drop  tests,  i  special  50-ft  expendable  drop  tower 
was  installed.  This  tower  is  shown  with  an  L0-/RP-1  test  article  in  place  in 
Fig.  5-12.  The  legs  of  this  tower  were  fabricated  of  extra -strong  12-in. -diameter 
pipe.  A  trap  door  type  release  mechanism  triggered  by  an  explosive  cable-cutting 
device  released  the  tank.  The  tank  was  dropped  onto  a  breaker  ram  and  the  tank 
stopped  by  a  large  hydraulic  shock  absorber.  A  photograph  of  the  trap  door 
mechanism  is  shown  in  Fig.  5-13. 

High  Drop  Tests  (Impact  Velocity  "  78  ft/sec) 


In  this  test  series  the  propellant  tanks  were  suspended  so  that  the  bulk¬ 
head  separating  the  two  propellants  was  ~  97  ft  above  the  test  pad  on  the  100-ft 
drop  tower.  The  remaining  test  conditions  were  similar  to  those  used  for  the 
medium  drop  test  series. 

Summary  of  Tank  Dimensions 

As  noted  throughout  the  discussion,  the  test  tanks  used  for  the  confinement - 
by-the-ground  surface  test  series  were  of  light  and  frangible  construction.  For 
example  the  200-  and  1,000-lb  LO./RP-l  tanks  and  the  200-lb  L0_/LH_  tanks  had 

m  2  4 

sidewall  thickness  of  60-mil  aluminum  and  the  diaphragm  was  6-mil  aluminum  foil. 
The  IX)  /LH  1,000-lb  tank  had  sidewalls  of  60-mil  and  a  diaphragm  of  10-mil 
aluminum  foil. 


The  25,000-lb  drop  tank  had  sidewall  thickness  of  1/8-in.  and  diaphragm  thick¬ 
ness  of  32-mils.  The  basic  dimensions  for  all  tanks  are  presented  in  Fig.  5-14. 
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TEST 

TYPE 

U/D 

lo2/lh2 

1.8 

5 

LO./RP. 

1.8 

JJVO'  1 

5 

LOj/RPj 

1.0 

lo2/lh2 

1.8 

LOjj/RPi 

1.8 

lo2/lh2 

1.8 

DIMENSIONS 
(in.  ) 


B 

D 

23 

12} 

34 

31} 

9} 

i6  i 

El 

65} 

62} 

1C} 

15} 

20 

17} 

11 

11} 

25 

37 

34 

22 

28} 

21} 

32} 

29} 

18} 

39} 

19} 

56} 

53} 

16} 

78 

66} 

102 

92 

58} 

114 

63 

176 

167 

55} 
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HIGH-VELOCITY  IMPACT 

The  cryogenic  high-velocity  test  series  consisted  of  six  tests  in  which 
200-lb  quantities  of  the  cryogenic  propellant  combinations,  LO^/RP-l  and 
LO  /LH  ,  were  propelled  down  a  sled  track  at  speeds  ranging  from  500  to  6Q0 

A  A 

ft/sec  and  allowed  to  impact  into  various  target  configurations. 

The  target  configurations  used  were:  (1)  a  flat-wall  target  simulating 
impact  into  a  rigid  flat  surface,  and  (2)  a  deep-hole  target  simulating 
impact  into  a  soft  surface  in  which  a  crater  would  be  formed. 

The  vest  series  consisted  of  two  LC^/KP-l  and  one  LO^/LH^  propellant 
tests  with  the  flat -wall  target  configuration  and  two  LO^-RP-l  and  one 
LO  /LH  propellant  tests  with  the  deep-hole  target  configuration. 

While  it  was  anticipated  that  ignition  of  the  cryogenic  propellants 
would  occur  upon  impact  and  breakup  of  the  tank,  a  supplemental  ignition 
source  in  the  form  of  a  railroad  flare  was  placed  on  the  ground  near  the 
impact  target  for  the  first  couple  of  tests.  Upon  analysis  of  the  films  ot 
these  tests,  it  became  evident  that  ignition  was  indeed  occurring  upen 
Impact  and  the  flares  were  not  used  on  the  remaining  tests. 

High-Velocity - Impact  Targets 

To  create  the  flat-wall  targets,  a  massive  concrete  block  was  faced  with 
1-in. -thick  steel  plates,  8  ft  high  and  16  ft  wide  with  a  1-ft  splash  shield 
around  the  edge.  To  create  the  deep-hole  targets,  vhe  massive  base  was  faced 
with  concrete  blocks  containing  preformed  steel-lined  cylindrical  cavities. 

A  sketch  of  this  type  of  target  is  presented  in  Fig.  5-15. 

High-Velocity-Impact  Tanks 

The  tanks  used  for  this  test  series  are  shown  in  Figs.  5-16  and  5-17. 

The  general  tank  geometry  and  length-to-diameter  ratios  were  similar  to 
those  used  in  the  previous  hypergolic  tests.  The  tank  shells  end  flanges 
were  aluminum  with  a  shell  tnickness  of  1/16  to  1/8  in.  A  1-in.  air 
chamber  was  left  between  the  tanks  for  insulation.  This  air  chamber  was 
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vented  to  the  atmoshpere  to  prevent  a  possible  negative  pressure  between 
the  bulkheads  caused  by  the  cooling  of  the  air  in  this  chamber  by  the 
cryogenic  propellants.  All  surfaces  of  the  cryogenic  compartments  of  these 
tanks  were  covered  with  foamed -in-place  polyurethane  foam. 

An  enlarged  d  awing  of  the  tank  flange  detail  is  shown  in  Fig.  5-18. 

The  flange  labale  No.  1  is  securely  welded  to  the  rear  tank  and  has  bolt 
holes  of  normal  size.  Flange  No.  2  is  securely  welded  to  the  forward 
tank,  has  enlarged  bolt  holes,  and  is  sandwiched  between  two  Teflon  gaskets 
which  are  labeled  in  Fig.  5-18,  The  third  flange  is  a  loose  clamping  flange, 
which  was  slipped  on  over  the  forward  tank  and  has  bolt  holes  of  normal  size. 
The  purpose  of  the  Teflcn  and  enlarged  bolt  holes  in  the  forward  tank  flange 
is  to  allow  for  thermal  contraction  of  this  tank,  which  always  contained 
the  colder  of  the  two  propellants,  A  photograph  of  a  LO^/RP-l  tank  in 
place  on  the  sled  track  is  shown  in  Fig.  5-19. 

The  remaining  test  hardware,  the  test  conditions,  and  the  instrumentation 
system  were  the  same  as  that  used  in  the  second  hypergolic  high-velocity  test 
series  discussed  in  Section  4- 
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Part  2  -  TOST  RESULTS  FROM  THE  BASIC  PROGRAM 
General 


As  noted  In  the  beginning  of  this  section,  a  total  of  212  tests  were  con¬ 
ducted  using  the  cryogenic  propellant  combinations  LOg/RP-l  and  LOg/LHg.  Of 
the  total  number,  152  were  considered  as  valid  tests,  meeting  the  requirements 
of  the  basic  PYRQ  program  discussed  in  Suction  3.  A  summary  of  these  tests  is 
presented  in  Table  5-1.  These  tests  are  discussed  in  Part  5  of  this  section. 
Included  in  this  part  of  the  report  are:  a  brief  description  of  the  instrumen¬ 
tation  system  to  indicate  the  overall  scope  of  the  data;  a  discussion  of  the 
method  used  to  obtain  representative  explosive  yield  values;  a  table  of  the 

yield  values  for  each  valid  test;  and  a  discussion  of  the  comparisons  between 

*  * 

propellant  peak  overpressure  and  positive-phase-impulse  distance  curves  and 
those  for  TOT. 

Instrumentation  Systems 

The  cryogenic  CEM  and  CBGS  tests  were  conducted  at  AFRPL,  and  the  blast 
environment  was  measured  using  the  basic  FYRO  instrumentation  system.  This 
system  consisted  of  15  piezoelectric  transducers  distributed  along  three  radial 
lines,  120  deg  apart  and  at  five  distances  from  ground  zero.  A  sketch  of  the 
gauge  layout  is  presented  in  Fig.  5-20.  The  system  was  designed  to  cover  tha 
pressure  range  from  1  to  100  psi  and  to  have  a  minimum  of  three  gauges  in  the 
region  below  about  15  psi,  where  the  shock  waye  would  be  expected  to  be  unsup¬ 
ported,  i.e.,  classical  in  nature  for  a  10  percent  nominal  explosive  yield. 

lb  maintain  these  criteria,  the  gauge  location  distances  wore  increased 
with  increasing  propellant  weight.  This  is  illustrated  in  Table  5-2,  which 
lists  typical  blast  instrumentation  distances  for  tests  with  200,  1000, 


The  terms  peak  overpressure  and  overpressure  and  positive-phase  impulse  and 
impulse  are  used  interchangeably  throughout  this  section. 
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Table  5-1 

SUMMARY  OF  CRYOGENIC  TESTS 


r 

Propellant  Type 

Test  Configuration 

Propellant  Weight 
(lb) 

Number 

of  Tests 

133 

2 

200 

16 

Confinement -by-the -Missile 

1,000 

4 

25,000 

3 

lo2/rp-i 

100,000 

1 

200 

34 

Confinement -by -the -Ground 

1,000 

7 

Surface 

25,000 

2 

High-Velocity  Impact 

200 

4 

133 

200 

mdK 

Confinement -by-the -Missile 

1,000 

25,000 

U)  /LH 

100,000 

2  2 

200 

Conf i nemen t -by -the -Ground 

1 ,000 

Surface 

25,000 

an 

High-Velocity  Impact 

200 

!  3  I 

Combined 

■ 

L02/RP-1  and 

Confinement -by-the -Ground 

1,200 

H  1 

Surface 

L02/LHa 

1— . .  -  ■— 

— roM 
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and  25.000  lb  of  propellant.  To  supplement  the  basic  overpressure  rrc  a  s  u  r  c  ■ 
ment  system,  two  overpressure  gauges  were  installed  as  close  to  the  explosion 
as  practical  and  stagnation  pressure  gauges  spanning  the  range  from  near 
ground  zero  to  the  30-psi  level  were  installed  for  many  of  the  tests.  A 
complete  description  of  the  system  and  the  methods  of  calibration  and  estimates 
of  the  accuracy  of  the  system  are  given  in  Appendix  A. 


The  cryogenic  high-velocity- impact  tests  were  conducted  at  the  Naval 
Weapons  Center,  China  Lake,  California.  The  instrumentation  layout  used 
for  this  series  is  the  same  as  that  used  for  the  second  hypergolic  high- 
velocity  impact  test  series.  A  sketch  of  this  system  is  shown  in  Figure 
5-21.  The  propellant  tanks  in  these  tests  were  propelled  along  a  track  and 
allowed  to  impact  into  a  target.  Piezoelectric  overpressure  gauges  were 
installed  at  four  distances  on  a  line  30  deg  from  this  track,  at  three  dis¬ 
tances  at  90  deg  and  at  two  distances  in  line  with  the  track  and  behind  the 
target. 

Test  Results 

The  peak  overpressure  and  positive-phase-impulse  data  for  the  CBM  and 
CBGS  tests  are  presented  in  Volume  2.  Also  presented  with  these  data 
are  the  TNT  equivalent  yield  values  for  each  of  the  peak  overpressure  and 
positive-phase-impulse  numbers. 

A  study  of  these  TNT  equivalent  yield  values  indicated  that  the  explosive 
behavior  of  the  cryogenic  propellant  mixtures  in  many  cases  was  somewhat 
different  from  TNT,  in  that  the  explosive  yield  tends  to  be  a  function  of 
distance  and  in  some  cases  a  function  of  the  parameter  measured.  This 
behavior  appeared  to  take  two  general  forms.  For  low  yields,  it  was  commonly 
observed  that  both  pressure  and  impulse  yields  increased,  with  increasing 
distance  from  the  explosion,  with  the  yields  tending  toward  a  constant  value 
(the  terminal  yield)  at  long  distances.  In  addition,  the  impulse  yield  was 
usually  higher  than  the  pressure  yield  and  changed  more  slowly  with  distance. 
For  higher  yields,  the  pressure  yield  behaved  in  the  same  fashion,  but  the 
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impulse  yield  at  close  distances  was  much  greater  than  the  pressure  yield 
and  tended  to  decrease  with  Increasing  distance  and  ultimately  approached 
the  pressure  yield  value.  Two  examples  of  this  are  shown  in  Figs.  5-22 
and  5-23  which  are  plots  of  peak  overpressure  and  positive -phase  impulse 
vs  distance  for  two  U^/LHg  confinement-by-the-missilo  tests.  Included 
in  these  figures  are  curves  (dotted  lines)  representing  the  peak  over¬ 
pressure  and  impulse  that  would  be  obtained  if  the  various  indicated  percent¬ 
ages  of  200  lb  of  TNT  were  exploded  on  the  ground  surface  (TNT  overpressure 
data  were  obtained  from  Ref.  5-1  and  ‘‘  ipulse  data  from  Ref  .  5-2). 

Note  in  Figs.  5-22  and  5-23  that  both  the  peak  overpressure  and  positive- 
phasfl- impulse  data  for  the  lower  yield  tent,  Number  091 ,  tend  to  show  an  in¬ 
crease  in  yield  with  an  increase  in  distance.  The  peak  overpressure  data  for 
the  higher  yield  test.  Number  090,  also  show  an  increase  in  yield  with  distance 
but  the  positlve-phase-lmpulse  data  show  a  decrease  with  distance. 

Because  of  this  yield  variation  with  distance  and  in  some  cases  with 
the  shock  wave  parameter  used  in  the  computation,  the  explosive  yield  number 
used  in  this  report  is  the  terminal  yield,  i.e.,  the  yield  obtained  at  long 
distances  from  tha  explosion  where  both  the  pressure  and  impulse  yields 
tend  to  reach  a  constant  value. 


The  terminal  yields  for  the  LOg/RP-l  and  cor.f  inement-by- the-mlssllo 

tests  are  presented  in  Tables  5-3  and  G-4  and  for  the  LO^/RP-l  and  LO^/LH,,  con- 

f inement-by-the-ground-surface  tests  in  Tables  5-5a  end  b  and  5-6a  and  b.  The 

tormina!  yields  for  both  the  L0-/RP-1  and  U)  /LF  high-velocity- impact  tests 

<6  2  z 

and  a  combined  LOg/RP-l-  LO^/LHg  CBGS  test  are  presented  in  Tables  5-7a  and  b. 
Pressure  and  Impulse—  Dlstanc e  Curves 

A  comparison  between  the  shapes  of  the  propellant  pressure  and  Impulse  — 
distance  curves  ana  those  for  TNT  is  shown  in  Figs.  5-24  through  5-31,  which 
are  plots  of  the  pressure  or  scaled  impulse  (I/WjA//3)  as  a  function  of 
scaled  distance  (D/WT1//3).  Each  point  represents  the  average  pressure  cf 
all  gauges  (usually  two  or  three)  at  a  given  distance  for  a  given  test. 
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l/D 

D  /D 
o  t 

PROPELLANT 

WEIGHT 

(lb) 

TEST 

NO. 

TERMINAL 

YIELD 

<%) 

IGNITION 

TIME 

(msec) 

042 

48 

290 

1 

200 

058 

27 

200 

086 

14 

100 

044 

18 

120 

087A 

16 

70 

09 5A 

17 

120 

200 

101 

35 

145 

237 

32 

127 

0.45 

238 

19 

85 

239 

32 

156 

Partial 

174 

52 

150 

Full* 

240 

60 

156 

192 

14 

216 

193 

20 

222 

0.45 

1000 

209 

10 

121 

270A 

13 

225 

515 

0-45 

25000 

1 

530 

540 

1 

10 

120 

5 

1 

200 

12 

316 

12 

380 

046 

17 

143 

5 

0-45 

200 

088 

4 

60 

100 

23 

220 

4 

0.1375 

94000 

301 

4 

840 

♦ 

Tank  contained  ~133  lb  propellant 
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LO_/LH„  CONFINEMENT -BY-THE-MISSILE  TESTS 


TERMINAL 

YIELD 

<%) 


IGNITION 

TIME 

(msec) 


Tank  contained ~133  Lb  propellant 
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Table  5-6b 

LQ./RP-l  OONF INEMENT- BY- IKE -GROUND  SURFACE  HORIZONTAL  TESTS 
(All  Itosts  200  lb  Propellant  Weight) 


PROPELLANT 

1YPE 

VELOCITY 

RANGE* 

■  i  i  j  m 

PROPELLANT 

ORIENTATION 

TEST 

NO. 

TERMINAL 

YIELD 

(%) 

1ST  PROP. 

■r> 

2ND  PROP, 
(msec) 

2ND  PROP. 

TO 

IGNITION 

(msec) 

121 

30 

** 

184 

122 

28 

388 

139 

Low 

Normal 

123 

25 

362 

53 

176 

65 

468 

374 

23  ft/sec 

177 

30 

111 

203 

155 

55 

314 

202 

lo2/rp-i 

Reversed 

156 

63 

182 

230 

124 

5 

238 

0 

125 

52 

142 

76 

High 

Normal 

127 

42 

510 

55 

/8  ft/ sec 

140 

12 

420 

10 

179 

12 

787 

23 

Velocity  shown  for  top  propellant  only.  Bottom  propellant  velocity  ~12 
ft/ sec  for  all  tests. 


RP-1  on  gx-ound  at  start  of  film. 
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Table  5-6a 

LO  /IjIL  CONFINEMENT -BY-THE -GROUND-SURFACE  VERTICAL  TESTS 


L/B 

PROPELLANT 

WEIGHT 

<lb) 

VELOCITY 

RANGE 

PROPELLAN  T 
ORIENTATI >N 

TEST 

NO. 

TERMINAL 

YIELD 

<%) 

IGNITION 

TIME 

(msec) 

105 

7 

0 

152 

14 

480 

153 

14* 

121 

Low 

Normal 

184 

17 

810 

23  ft/sec 

201 

26 

1524 

225 

34 

933 

1  197 

19 

500 

200 

203 

31 

800 

204 

42 

317 

229 

53 

1374 

230 

21 

24 

Medium 

Normal 

231 

24 

525 

251 

64 

775 

44  ft/sec 

252 

38 

325 

254 

32 

533 

1.8 

211 

12 

0 

217 

33 

1490 

1000 

Med  .turn 

Normal 

262 

42 

900 

44  ft/sec 

264 

22 

21 

266 

14 

0 

2880 

13 

365 

25000 

Medium 

Normal 

289 

4 

166 

44  ft/sec 

290 

4 

105  " 

11.4 

54 

74 

150 

35 

40 

200 

High 

Normal 

151 

46 

167 

195 

104 

292 

«  o  i  v/  »rC 

226 

51 

283 

1000 

High 

Normal 

215 

20 

20 

7R  ft/ Rfi." 

216 

e 

0 

104 

c 

258 

Normal 

164 

4 

125 

Low 

165 

8 

325 

23  ft/sec 

Re versed 

103A 

39 

208 

ife 

10 

18 

5 

200 

Normal 

160 

32 

67 

High 

161 

5 

0 

113 

52 

77 

78  ft /sec 

Re versed 

115 

15 

93 

*  No  Impulse  because  of  bad  timing 
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Table  5-6b 

L02/LH2  confinement- by- ike-ground  surface  horizontal  tests 

(All  Tests  200  lb  Propellant  Weight) 


PROPELLANT  I  VELOCITY  PROPELLANT  TEST 
RANGE*  ORIENTATION  NO. 


Low 

23  it/sec 


High 

78  ft/ sec 


TERMINAL 

YIELD 

<%) 


1ST  PROP. 
TO 

2ND  PROP, 
(msec) 


2ND  PROP. 
TO 

IGNITION 

(m/aec) 


Velocity  shown  for  top  propellant  only.  Bottom  propellant  velocity  ~12 
ft/sec  for  all  tests. 
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Table  5 -7a 

CRYOGENIC  HIGH-VELOCITY- IMPACT  TESTS 


Propellant 

Type 

Test 

Number 

Target 

Geometry 

Impact 

(fps) 

Terminal 

Yield 

<%) 

L02/RP-1 

75 

Flat  Wall 

526 

21 

77 

Flat  Wall 

523 

20 

76 

Deep  Hole 

523 

57 

78 

Deep  Hole 

518 

77 

lo2ah2 

79 

Flat  Wall 

597 

121 

80 

Deep  Hole 

569 

163 

Table  5-7b 

COMBINED  PROPELLANT  TEST 


(L02/RP-1  and  LO^LHg) 

L/D 

Propellant 

Weight 

Velocity  Propellant 

Range  Orientation 

Test 

No. 

Terminal 
Yield  (%) 

Ignition 
Time  (msec) 

1.8 

1000  L0  /RP-1 
« 

and 

200 

Medium  Normal 

44  ft/sec 

295 

70 

544 
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Fig.  5-27 „  Scaled  Positive  Impulse  vs  Scaled  Distance  for  L0./RP-1 
CUOS-V  Case 
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Wrf  13  the  TNT  equivalent  weight  of  the  teBt  (in  pounds)  and  is  equal  1;o  the 
product  of  the  total  propellant  weight  and  the  terminal  yield.  Taese  plots 
include  the  data  from  more  than  95  percent  of  all  tests  satisfying  the 
CBM  and  CBG8-V  cases.  The  CBGS-H  data  were  much  more  limited  and  showed 
essentially  the  same  trends  as  the  CBCS-V  results,  so  they  were  not  Included. 

From  Figs.  5-24  and  5-25,  which  are  the  pressure— distance  curves  for  the 

LCL/RP-1  CBM  and  CBGS  cases,  respectively,  it  can  be  seen  that  for  all 

practical  purposes  the  upper  bound  of  the  data  is  the  TNT  curve.  It  also 

can  be  seen  that  there  is  some  spread  below  the  reference  curve.  The 

spread  tends  to  increase  as  the  pressure  increases.  The  bulk  of  the  data, 

however,  are  within  about  30  percent  of  the  reference  curve  up  to  an  over- 

1/3 

pressure  of  about  50  psi  (scaled  distance  of  about  4.5  ft/lb  ) .  With 
only  minor  exceptions,  the  data  points  which  are  more  than  30  percent  below 
the  reference  curve  in  this  region  are  for  the  CBGS  case  with  long  ignition 
times,  where  the  propellants  had  spread  to  make  large  pools,  greater  than 
the  critical  size  for  maximum  yield  (noted  as  x  points  on  graph) . 

X/3 

Above  about  100  psi  (scaled  distance  of  about  3.5  ft/lb  ),  the  spread 
increases  rapidly  and  some  of  the  data  are  as  much  as  a  factor  of  4  or  5 
below  the  reference  curve,  while  otb  rs  are  still  fairly  close  to  the  curve. 
Although  there  is  some  slight  indication  that  the  higher  velocity  impact 
points  have  a  bigger  deviation  in  this  region,  the  data  are  not  sufficient 
to  clearly  define  any  trends  other  than  the  one  noted  in  the  lower  pressure 
region.  Thus,  although  on  the  average  the  pressures  in  the  region  from 

100  to  400  psi  are  about  60  to  70  percent  of  the  TNT  value,  it  would  be 

difficult  to  guarantee  that  any  particular  test  would  do  this. 

Note  that  the  data  from  the  three  25,000-lb  tests  (included  on  these 
plots  as  0  points)  show  essentially  the  same  results  as  the  smaller  scale 

data.  The  one  low  yield  value  (CBM,  25,000-lb  test,  Number  275)  which  is 

not  shown  on  these  plots  gave  pressure  data  points  which  were  about  60 
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percent  of  tho  reference  curve  und  Impulse  data  points  a  corresponding 


The  LO2/RP-I  Impulse  data  are  compared  with  the  TNT  reference  curves 
in  Figs.  5-26  and  5-27.  In  this  case  the  spread  of  data  is  nearly 
symmetrical  about  the  reference  curve  and  again  the  sr  *  tends  to  get 
larger  as  the  scaled  distance  gets  smaller.  With  only  no  exceptions  the 
data  lie  within  about  30  percent  of  the  curve  down  to  a  scaled  distance  of 
about  4  (corresponding  to  an  overpressure  of  about  70  psi).  At  smaller 
scaled  distances  the  spread  increases  to  about  50  percent.  There  is  some 
Indication  that,  on  the  average,  the  CBM  data  are  slightly  higher  than  the 
CBGS  data,  but  these  differences  are  small  compared  to  the  spread. 

The  LO2/IJH2  pressure  data  given  in  Figs.  5-28  and  5-29  again  show 
that  the  TNT  reference  curve  is  a  good  upper  bound  and  that  the  spread 
tends  to  get  larger  for  increasing  pressure.  The  magnitude  of  the  spread, 
however.,  Is  considerably  greater  than  for  LQ2/RP-I.  Even  at  pressures  as 
low  as  1  psi,  some  of  the  data,  particularly  for  the  CBM  case,  are  as  muen 
as  a  factor  of  1.5  to  2  below  the  reference  curve.  There  is  some  indication 
that  the  higher  yield  values  lie  somewhat  closer  to  the  line  than  do  the 
lower  yields  values,  but  tfce  trend  is  not  entirely  consistent.  On  tho 
average,  the  CBM  data  are  about  a  factor  of  2  below  the  reference  curve  up 
to  an  overpressure  of  about  100  psi  and  a  little  more  than  that  above 
100  psi.  The  CBGS  data  have  about  the  same  spread  above  100  psi  but  a 
significantly  smaller  one  below,  decreasing  to  about  a  factor  of  1.5  at 
10  psi  and  1.3  at  1  psi.  The  trends  for  the  LG2/LH2  impulse  data,  which 
are  given  in  Figs.  5-30  and  5-31,  are  generally  as  expected  from  the  pressure 
data.  At  low  pressures  for  the  CBM  case,  where  the  pressures  were  well  below 
the  curve,  the  impulses  are  correspondingly  above  the  reference  curve. 

For  both  cases,  on  the  average,  the  impulse  data  in  the  low-pressure  region 
lie  above  the  reference  curve,  although  the  data  scatter  includes  the  curve. 

In  the  higher  pressure  region  the  spread  is  more  symmetrical  about  che  curve. 
An  upper  bound  of  40  percent  above  the  reference  curve  appears  suitable 
down  to  a  scaled  distance  of  about  5  and  about  100  percent  above  the  reference 
curve  for  smaller  scaled  distances. 
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Table  5-8  summarizes  the  estimated  uppe*  bound  Information  for  the 
propellant  curves  in  terms  of  their  ratio  to  the  TNT  reference  curves. 
Conservative  estimates  of  the  pressure  and  impulse  values  to  be  expected 
from  propellant  explosions  can  be  obtained  by  multiplying  the  pressure 
and  impulse  values  from  the  standard  TNT  reference  curves  by  these  ratios. 
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Table  5-8 

Ratio  of  Estimated  Upper  Bound  for 
Propellant  Data  to  TNT  Reference  Curves 


PRESSURE 

Propellant 

Scaled  Distance  Range 

(ft/lb!/3) 

* 

h_ 

LO2/RP-I 

all 

1.0 

LO2/LH2 

all 

1.0 

IMPULSE 


Propellant 

Scaled  Distance  Range 
(ft/lb1/3) 

* 

h_ 

s  3 

1.3 

lo2/rp-i 

£  3 

2.0 

a  5 

1.4 

LO2/LH2 

£  5 

2.0 

* 


estimated  ratio  of  upper  bound  of  propellant 
data  to  TNT  reference  curve 
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Part  3  -  DISCUSSION  OF  CRYOGENIC  TEST  RESULTS 


General  Analysis  Approach 


The  general  approach  used  in  analyzing  the  results  from  each  of  the  basic 
test  conditions  in  the  cryogenic  program  was  to  first  formulate  trial  general 
relationships  between  explosive  yield  and  the  variables  investigated  for  that, 
test  condition.  Statistical  analyses  were  next  performed  using  these  relation¬ 
ships  to  determine  which  of  the  alternate  equation  forms  and  parameter  combina¬ 
tions  best  explain  the  variations  in  observed  yields  and  to  derive  values 
for  the  constants  of  the  selected  equation  form.  Prediction  intervals  were 
then  developed  which  can  be  used  with  these  functions  to  predict  and  bound 
(with  a  high  degree  of  certainty)  the  range  of  yield  values  expected  to  occur 
for  future  tests  in  each  condition. 


A  variety  of  statistical  techniques  was  used  to  accomplish  these  steps,  f  t 

t  ■ 

the  most  important  of  which  were  regression  analysis  and  prediction  interval  ■; 

j 

estimation.  The  application  of  these  techniques  to  the  data  is  described  in 

detail  in  Appendix  B  and  only  the  results  of  the  analysis  will  be  giver  here.  1 


The  trial  general  relationships  or  models  relating  explosive  yield  to 
the  parameters  of  interest  were  developed  using  all  available  information  on 
the  propellant  mixing  and  explosion  process.  These  models  have  been  of  an 
evolutionary  nature;  preliminary  versions  were  formulated  at  the  time  of  the 

i 

original  planning  of  the  test  program  in  order  to  ma*  ;  decisions  about  the 
variables  to  le  included  in  the  test  program  and  the  relative  effort  to  place  c-n 
the  various  phases.  These  models  were  based  on  the  propellant  explosion  in¬ 
formation  existing  at  that  time  and  on  general  hydrodynamic  considerations. 

The  models  have  been  modified  and  updated  during  the  course  of  the  program  on 
the  basis  of  the  experimental  test  data,  high-speed  photography  of  the  tests, 
and  results  from  the  transparent  tank  and  laboratory  test  programs. 


In  the  following  material,  the  discussion  of  the  analysis  of  results  is 
grouped  first  by  the  basic  test  condition  (CBM,  CBGS-V,  CBGS-H,  high-velocity 
impact)  and  then  by  propellant  type  (L02/KP~1,  L02/LH2). 
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Conf inement-by-the-Missile  Case 
Test  Parameters 


In  the  CBM  case,  the  propellants  are  initially  contained  in  a  cylindrical 
tank  divided  into  two  compartments  separated  by  a  tempered-glass  diaphragm. 

The  ullage  space  in  the  upper  propellant  compartment  is  pressurized  to  about 
20  psi,  while  that  in  the  lower  . ai  partment  is  near  ambient.  On  rupture  of 
the  diaphragm,  the  upper  propellant  is  forced  downward  by  the  large  pressure 
differential  and  impacts  on  the  lower  propellant. 

The  basic  variables  selected  for  testing  in  this  condition  were; 

t  -  the  time  between  diaphragm  rupture  and  ignition 

I*/D  -  the  length-to-diameter  ratio  of  the  propellants 

D^/D^  -  the  ratio  of  the  diameter  of  the  diaphragm  opening  to  the 
tank  diameter 

W  -  the  total  propellant  weight 

In  the  majority  of  testing,  the  propellant  compartments  were  fully 
loaded,  which  left  approximately  10  percent  of  the  volume  of  each  tank  for 
ullage  space.  In  e  few  tests,  however,  a  two-thirds- full  propellant  loading 
condition  was  used,  which  resulted  in  the  ullage  volume  being  about  40  percent 
of  each  compartment . 

In  all  cases,  the  conventional  propellant  orientation  was  used,  i.e., 
b02  over  the  RP-1  and  LH2  over  the  L02. 

Descriptive  Model  for  LO2/RP-I  CBM  Case 

On  rupture  of  the  diaphragm,  the  LO  is  forced  downward  by  the  approxi- 

mately  20-psi  pressure  head  and  impacts  on  the  RP-1,  with  the  leading  edge 

somewhat  uneven  and  with  some  turbulance  in  the  RP-1  created  by  the  falling 

glass  fragments.  When  the  diaphragm  opening  is  equal  to  the  tank  diameter 

(D  /D  =1)  the  initial  impact  process  tends  to  be  relatively  stable  since 
o  t 

the  L0_  mass  has  essentially  the  same  cross-sectional  area  as  the  RP-1. 

£ 

because  the  LOg  density  is  40  percent  greater  than  that  of  the  RP-1,  however, 
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an  instability  should  be  created  fairly  rapidly,  which  may  be  augmented  by 
the  localized  differential  pressures  generated  in  the  boiling  heat  transfer 
process.  In  any  case,  there  is  a  strong  tendency  for  the  LOg  to  penetrate 
into  the  RP-1  pool.  The  details  of  the  penetration  process  are  uncertain, 
although  high-speed  movies  from  a  series  of  transparent  tank  tests  (which 
were  unpressurized)  suggest  that  penetration  occur?  on  a  scale  much  smaller 
than  the  tank  diameter  and  that  it  is  not  a  simple  overturning  process  of  the 
entire  interface. 

As  the  mixing  process  proceeds,  increasing  quantities  of  the  RP-1  will 
become  partially  or  completely  frozen,  and  it  might  be  expected  that  this 
frozen  slush  would  tend  to  inhibit  mixing  and  possibly  cause  it  to  ultimately 
stop  altogether.  The  experimental  results  suggest  that  some  slowdown  in 
mixing  may  have  occurred  for  the  L/D  of  5  case  but  that  mixing  is  not  basically 
limited  by  such  freezing,  but  rather  by  the  pressure  buildup  in  the  tank 
(produced  by  the  evaporating  LOg)  to  a  value  greater  than  the  bursting 
pressure  (approximately  100  psi). 

From  this  model,  it  would  be  reasonable  to  expect  that  the  rate  of  yield 
buildup  would  be  less  as  the  V D  of  the  propellants  increases,  since  this 
results  in  an  initially  smaller  interface  and  since  the  L02  has  to  penetrate 
to  a  much  greater  absolute  depth  to  involve  the  same  fraction  of  the  pro¬ 
pellants.  This  need  to  penetrate  to  a  greater  absolute  depth  also  suggests 
the  possibility  that  more  of  the  LO,  is  evaporated  in  the  process.  If  so, 
it  would  not  be  surprising  to  find  that  the  maximum  yield  obtainable  (at 
the  time  100  psi  was  reached)  also  decreases  somewhat  with  an  increase  in 
L/D  ratio. 

The  situation  for  the  partially  open  diaphragm  case  (D  /D^  =  0.45)  is 

o  t 

expected  to  be  somewhat  different  from  that  for  the  full-open  case,  since 
the  cross-sectional  area  of  the  impacting  LC>2  stream  is  only  about  20  percent 
that  of  the  RP-1  tank,  thus  permitting  the  L02  stream  initially  to  penetrate 
much  more  readily  into  the  RP-1  pool.  This  plunging  process  is  expected  to 
create  a  very  rapid  initial  rate  of  mixing,  and  thus  yield  should  be  generated 
more  rapidly  than  for  the  fully  open  diaphragm  case.  This  plunging  process 
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j  iui  * n  sinu  Hnsm  (rrpnt  l  v  nnm  Rii f  f  i  r i  pnt  LD.  enters  the  RP-1 

tank  to  fill  its  ullage  space  (approximately  10  percent  of  the  total  volume). 
For  additional  LCL  to  enter,  some  of  the  RP-1  must  be  forced  into  the  upper 
tank.  It  is  also  anticipated  that  in  the  zone  of  mixing  in  the  lower  tank, 
there  will  likely  be  a  larger  surplus  of  RP-1  than  in  the  fully  open  case. 

Thus,  it  would  r.ot  be  surprising  that,  the  amount  of  02  gas  generated  for  a 
given  amount  of  mixed  propellant  would  be  greater  than  for  the  fully  open 
case.  This  would  mean  that  the  maximum  yield  reached  before  the  tank  bursts 
would  be  less. 

As  noted  above,  it  is  expected  that  the  yield  generation  process  is 
limited  by  tank  rupture  due  to  02  gas  buildup  rather  than  by  any  basic 
limitation  on  the  mixing  process  itself.  On  this  basis,  it  is  evident  that 
increasing  the  ullage  volume  would  increase  the  amount  of  oxygen  that  could 
be  vaporized  before  the  tank  ruptures,  with  a  consequent  increase  in  maximum 
yield.  This  raises  the  very  likely  prospect  that  partially  filled  tanks 
could  lead  to  a  larger  total  yield  than  completely  filled  tanks. 

Because  of  the  complexity  of  the  LOg  penetration  processes  as  well  as 
that  oi  the  subsequent  mixing  from  the  interfaces,  there  is  uncertainty  with 
regard  to  the  specific  nature  of  the  expected  scaling  relations.  With  re¬ 
gard  to  time  scaling,  it  can  be  argued  that  at  least  initially  the  mixing 
should  tend  to  be  proportional  to  the  interface  area.  This  would  mean,  for 
example,  that  an  Increase  in  linear  scale  by  a  factor  of  2  (weight  scale  of  a 
factor  of  8)  would  give  4  times  as  much  material  mixed  at  a  given  absolute 
time,  but  this  weight  of  mixed  propellant  would  amount  to  only  one-half  as 
much  of  the  original  propellant  weight. 

Similarly,  since  the  ullage  volume  would  also  be  proportional  to  the 
cube  of  the  linear  scale  factor,  the  pressure  increase  in  the  tank  would  be 
less  at  the  same  absolute  time.  Thus,  as  the  scale  increases,  longer  mixing 
times  are  expected  to  be  required  to  give  the  same  yield  and  pressure  increase 
in  the  tank.  To  a  first  approximation,  it  seems  reasonable  to  assume  that 
time  scaling  is  on  a  geometrical  basis,  i.e.,  that  similar  yield  values 
(expressed  as  a  fraction  of  the  total  pronellant  weight)  would  be  obtained 
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at  times  divided  by  the  linear  scale  factor  (or  cube  root  of  the  propellant 
weight) . 

Prediction  Equation  Development  for  LO2/RP-I  CBM  Case 

Based  on  the  above  model  the  following  general  guidelines  were  obtained 
as  the  basis  for  formulating  the  trial  equations  to  use  in  the  statistical 
analyses. 


1.  Yield  is  expected  to  increase  monotonically  with  time,  and  the 
yield  value  at  zero  ignition  time  is  expected  to  be  quite  small 
(relative  to  the  maximum  value). 

2.  The  most  likely  manner  for  time  to  scale  is  on  the  basis  of 
geometrical  scaling,  which  leads  to  the  scaled-time  term  of 
t*  =  t/W1/3. 

3.  There  is  no  obvious  reason  to  expect  strong  interactions  between 
the  effects  of  the  variables. 

The  simplest  equation  which  satisfies  these  guidelines  has  the  following 
general  form: 


7^7)  =  B(L/D)  +  h<VDt)  +  J(W> 

where  f,  g,  h,  and  j  denote  functions  of  the  variable  in  the  parenthesis. 

Trial  plots  of  the  data  were  then  made  to  help  determine  the  best 
specific  form  for  the  individual  functions.  These  plots  indicated  that: 

1.  The  rate  of  yield  increase  is  nearly  constant  in  time  so  that 
f(t*)  «  t*. 

2.  Simple  first-power  terms  of  L/D  and  D^/D^  appeared  to  satisfactor¬ 
ily  account  for  the  effects  of  these  variables,  so  that 

g (L/D)  «  a’+  Y (L/D)  and  h(DQ/Dt)  «  a"  +  d(Do/Dt)  where  a',  y,  a",  6 
are  constants. 

3.  There  is  a  tendency  for  yield  to  decrease  with  an  increase  in 
scale  (W);  but  the  magnitude  of  the  decrease  also  decreases  with 
scale,  so  that  j  (W)  «  u"  +  f)/W. 
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thus  th«  specific  fore  of  ;W  first  trial  beroass 

j;  -  a  +  fi/ W  -  y  (L/D)  -  «(Do/Dt> 

Using  this  general  fora  of  the  equation  and  the  set  of  experimental  data 
given  in  Table  5-3  (except  for  the  partially  full  tests,  Nos.  174  and  240),  a 
stepwise  regression  analysis  was  then  run  which  indicated  that  all  of  the 
parameter  terms  were  significant.  The  result  Is  given  below: 

~  =  1.07  +  -  0.J.75  L/D  -  0.527  D  /D. 

t*  w  o  t 

One  disadvantage  of  this  equation  is  that  it  treats  the  weight-scale 
effect  as  an  additive  term.  Although  it  satisfactorily  accounts  for  the 
change  in  yield  with  weight  for  the  case  studied  at  various  weight  scales 
(L/D  of  1.8,  DQ/Dt  of  0.45),  when  used  for  larger  scales  with  larger  L/D 
values  it  gives  unrealistically  small  yields.  For  example  the  equation  gives 
negative  yields  lor  weights  over  about  4,000  lb  for  an  L/D  of  5  and  a  D  /D 
of  0.45.  °  * 

From  the  above  it  is  clear  that  a  more  satisfactory  form  for  the  equation 
would  involve  the  weight  term  as  a  multiplicative  rather  than  additive  factor 
despite  the  fact  that  this  complicates  the  equation,  particularly  from  the 
viewpoint  of  the  statistical  analysis  procedures  required. 

The  final  form  of  the  equation  selected  was 

~  =  (1  +  pm  <0Q  +  fit  L/D  +  fia  DQ/Dt) 

The  regression  coefficients  /3q,  fit  ,  and  *3a  were  first  determined  using  only 

the  200-lb  data  and  letting  the  weight  terms  equal  1.  These  coefficients 

were  then  substituted  back  in  the  equation  below  and  the  values  of  a  and  /) 

were  determined  using  the  data  for  all  weights  and  for  an  L/D  of  1.8  and  a 

D  /D  of  0.45: 
o  t 

pr  -  («  +  pm  %  +  fit  l/d  +  p%  Do/Dt) 
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9y  arithmetic  manipulation,  t he  coefficient  values  for  the  original  equation 
were  then  date  mined  (see  Appendix  B  for  details).  The  result  is: 


=  (1  +  <0.87  -  0.092  L/D  -  0.28  DQ/Dt )  <5.1) 


This  equation  is  compared  with  the  experimental  data  in  Fig*  5-32. 

To  illustrate  quantitatively  the  uncertainty  in  the  prediction 

equation,  the  upper  bounds  to  the  90-percent  prediction  intervals  for  the 

D  /D  of  0.45  curves  are  also  shown  in  the  figures.  The  meaning  of  these 
o  t 

lines  is  that  there  is  a  90-percent  probability  that  the  yield  value  obtained 
it.  a  single  future  test  will  lie  below  the  line. 

It  should  be  noted  that  the  equation  derived  above  is  directly  applicable 
to  the  following  ranges  of  conditions 

1.  L/D  ratios  of  the  propellant  between  1.8  and  5 

2.  D  /D,  ratios  from  0.45  to  1.0 

o  t 

3.  Fully  loaded  propellant  tankage  having  an  ullage  volume  equal  to 
10  percent  of  the  tank  volume 

4.  Propellant  tankage  having  a  bursting  strength  of  approximately 
100  psi 

5.  All  values  of  ignition  time  up  to  tank  rupture 

6.  Propellant  weights  greater  than  200  lb 

The  use  of  this  equation  for  values  of  the  parameters  outside  the  ranges 
given  above  is  considered  below. 

L/D  Ratio.  Values  of  this  ratio  less  than  1.8  are  not  anticipated,  so 
that  the  only  concern  is  with  values  greater  than  5.  Although  it  is  antici¬ 
pated  that  the  yield  will  continue  to  decrease  with  an  increase  in  L/D,  there 
is  insufficient  information  available  to  know  whether  the  rate  of  decrease 
would  be  the  same  as  in  the  region  where  it  was  determined.  Accordingly,  it 
is  recommended  that  a  conservative  approach  be  adopted  by  using  an  L/D  value 
of  5  for  all  values  greater  than  5. 
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Fig.  5-32.  Comparison  of  Prediction  Equation  for  LC^/RP-l  CEM  Case 
with  Experimental  Data.  (Open  circles  and  dashed  lines 
D  /D.  of  1,  solid  circles  and  solid  lines  D  /D,  of  0.45) 
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Fig.  5-32,  cont.  Comparison  of  Prediction  Equation  for  l^/RP-l  CBM 

Case  with  Experimental  Data  -  D  /DA  of  0.45 
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D^/Df  Ratio.  Over  the  ranee  this  parameter  was  studied.  Its  effect  was 
to  cause  chanfes  In  both  the  rate  of  yield  buildup  and  In  its  satlaus  value, 

Cor  both  L/D  ratios  the  partially  open  diaphragm  caused  a  more  rapid  rate  of 
yield  buildup,  and  for  the  larger  L  D  ratio  (3)  the  sixisus  value  waa  also 
somewhat  treater  than  for  the  full-open  case.  For  the  smaller  L/D  ratio  (1.8), 
however,  the  maximum  value  was  less.  Apparently  in  the  case  of  art  L/D  of  5 
with  the  fully  open  diaphragm,  mixing  tenda  to  be  Inhibited  by  the  partially 
frosen  RP-1,  so  that  the  additional  penetration  provided  by  the  partially 
open  diaphragm  can  lead  to  larger  yields.  Since  the  partially  open  diaphragm 
caae  used,  Do/Dt  of  0.45,  results  in  an  opening  that  Is  only  20  percent  of  the 
RP-1  tank  diameter,  It  seems  reasonable  to  believe  that  further  decreases  in 
the  size  of  the  diaphragm  opening  will  not  cause  much  additional  increase  in 
mixing  that  can  be  ascribed  to  increased  penetration;  rather,  it  seems  more 
likely  that  a  smaller  diaphragm  opening  will  tend  to  result  in  a  yield  de¬ 
crease  because  of  the  great  excess  of  RP-1  in  the  mixing  zone.  The  LOg/LHg 
results  (discussed  later) ,  in  which  the  effects  of  D^/D^  were  Investigated 
down  to  a  value  of  0,083  (approximately  0.7%  open) ,  tend  to  confirm  this  line 
of  reasoning.  If  Is  recommended,  therefore,  that  a  value  of  D^/D^  of  0.45 
(approximately  20%  open)  be  used  for  all  smaller  values  of  D  /D  . 

O  v 

Propellant  Loading  Fraction.  The  data  given  earlier  in  this  section 
showed  that  higher  explosive  yields  could  be  obtained  for  the  LO  /RP-1 
propellant  combination  when  the  propellant  tanks  are  partially  full  than  when 
they  are  in  their  normal  full-load  condition.  As  discussed  previously  this 
result  would  be  expected,  provided  that  propellant  mixing  is  terminated  by 
tank  rupture  due  to  O2  gas  buildup  —  as  is  indicated  by  the  available  evidence. 
The  reasoning  is  that  as  the  propellant  loading  fraction  is  decreased,  with 
a  consequent  increase  In  ullage  volume,  the  propellants  have  a  greeter  time 
to  mix  prior  ta  generating  sufficient  gas  to  rupture  the  tank  and  thus  should 
give  a  larger  specific  yield  (yield  per  unit  weight  oi  propellant). 

As  the  ullage  volume  gets  very  large,  it  would  be  expected  that  the 
specific  yield  would  fend  to  approach  the  theoretical  maximum  of  about  120 
percent,  a  value  ulmost  an  order  of  magnitude  larger  than  that  obtained  for 
the  fully  loaded  tank  (ullage  volume  of  10  percent).  Actually,  however,  the 
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yield  of  Boat  concern  l»  not  the  specific  yield,  but  the  yield  relative  to 
the  total  asKiunt  of  propellant*  tn  the  tankage  »b*n  it  Is  fully  loaded.  This 
actual  terminal  yield  value  (Y)  which  la  equal  to  the  product  of  the  specific  yield 
f«a)  and  the  propellent  loading  fraction  (L).  would  not  increase  as  Much  an 
the  specific  yield  since  an  Increase  In  Y^  due  to  an  Increase  In  ullage 
volume  (\'u)  Is  normally  obtained  by  reducing  L.  If  an  L  of  1  corresponds  to  an 
ullage  volume  of  10  percent  (such  ss  In  the  present  test  program)  then 


L 


1  -  V 

u 

0.9 


or 


and 


V  =  1  -  0.9  L 
u 


Y  =  Ys  L  =  Yfi 


(1  -  V  ) 
_ u 

0.9 


Although  only  limited  data  are  available  for  ullage  volumes  other  than 
the  10  percent  used  in  the  basic  teat  program,  a  reasonable  estimate  of  bow 
the  actual  yield  value  changes  with  ullage  volume  for  the  case  of  most  in¬ 
terest  (L/D  of  1.8,  D0/Dt  ot  0.45)  can  be  obtained  by  using  this  equation  and 
the  available  experimental  data  regarding  the  change  of  Y_  with  ullage  volume 
os  illustrated  in  Fig.  5-33.  Curve  A  is  the  experimentally  derived  relation 
between  Ye  and  V.  The  experimental  data  shown  for  the  ullage  volumes  of 
10  and  40  percent  are  from  the  200-lb  test  series  for  an  L/D  of  1.8  and  a 
D^/D^  of  0.45.  Because  only  200-lb  data  were  available  for  the  40-percent 
ullage  condition  (Test  Numbers  174  and  240)  and  because  of  the  weight~scale 
effect  described  earlier,  only  200-lb  test  data  (Test  Numbers  101,  237,  and 
239)  were  used  for  the  10-percent  ullage  condition.  For  all  of  these  tests, 
Ignition  occurred  at  approximately  the  time  of  tank  rupture,  which  corresponded 
to  a  nominal  100  psi  overpressure.  The  yield  value  used  for  100- percent  ullage 
corresponds  to  the  maximum  possible  yield  value  for  perfectly  mixed  propellants 
having  an  oxidizer -to- fuel  ratio  of  2.25  and  was  obtained  from  small-scale 
experiments  with  ideal  mixtures  of  the  propellants  (Fig.  7-2).  Since  precooled 
fuel  was  used  in  these  ideal  mixtures,  this  yield  value  is  expected  to  be  some¬ 
what  on  the  high  side. 
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Fig.  5-33.  Sffect  of  Ullage  Volume  on  Yield 
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Curve  B  *i  8  i  plot  of  t.  versus  V  ,  and  Curve  C  is  the  derived  curve  of  f 

u 

versus  obtained  from  the  product  of  Curves  A  and  B.  One  of  the  interest- 
lug  features  of  Curve  C  Xa  that  the  maximum  value  occurs  for  an  ullage  volume 
of  about  -50  percent,  one  of  the  values  for  which  experl  mental  data  on  YR  were 
available.  This  fact  along  with  the  relatively  flat  nature  of  Ch  rve  r  in  the 
vicinity  of  the  maximum  is  good  evidence  to  indicate  that  there  ’  s  not  much 
uncertainty  in  the  magnitude  of  the  maximum  value  of  Y  despite  the  fact  that 
experimental  data  on  Yg  were  only  available  for  a  few  ullage  values. 

The  most  Important  feature  of  Curve  C  is  that  the  maximum  value  is 
about  a  factor  of  1.7  times  greater  than  the  value  for  the  s’andard  fully 
loaded  test  condition  of  10  percent  ullage.  Note  that  the  ratio  of  yields 
is  considered  more  pertinent  here  than  the  absolute  values  because  oi  the 
weight- scale  effect  mentioned  earlier. 

Curve  C  also  indicates  that  the  yield  should  decrease  as  the  ullage 
volume  decreases  below  the  standard  10  percent  used  in  the  basic  test  series, 
and  a  linear  extrapolation  of  the  curve  for  at  least  a  factor  ol  two  in 
yield,  as  shown  by  the  dashed  line,  seems  reasonable, 

Tank  Rupture  Pressure.  The  effects  of  varying  the  tank  strength  are 
expected  to  be  generally  similar  to  the  effect  of  varying  the  ullage  volume 
in  that  an  increase  in  tank  strength  with  all  other  conditions  equal  will 
allow  more  0^  gas  to  be  generated  prior  to  tank  rupture  and  thuu  more  pro¬ 
pellant  mixing  and  a  higher  yield.  Similarly  a  decrease  in  tank  strength 
will  result  in  less  propellant  mixing  and  a  lower  yield.  Actually  it  is  not 
only  the  burst  pressure  but  also  the  initial  pressure  which  is  of  concern, 
because  the  amount  of  02  gas  which  needs  to  be  vaporized  to  rupture  the  tank 
is  dependent  on  the  difference  between  these  pressures.  In  the  basic  test 
series,  the  initial  pressure  in  the  L02  tank  was  about  35  to  40  psia  and  that 
in  the  RP-1  tank  about  15  psia,  for  an  effective  average  pressure  of  about 
30  psia,  while  the  burst  pressure  was  about  115  psia.  This  pressure  differ¬ 
ential  of  approximately  85  psi  is  believed  to  be  greater  than  any  in  actual 
use,  so  that  the  yield  values  derived  from  these  tests  should  bo  somewhat 
conservative , 
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A  quantitative  estimate  of  how  yield  varies  with  changes  in  tank  burst 
pressure  can  be  obtained  with  the  assumption  that  the  specific  explosive 
yield  is  a  function  of  the  number  of  moles  of  gas  generated.  This  is  a 
reasonable  assumption  as  long  as  the  same  geometry  and  type  of  propellant 
mixing  prevails.  The  reasoning  is  that  to  a  reasonable  approximation  the 
number  of  moles  of  gas  generated  to  reach  a  given  final  pressure  is 
proportional  to  the  product  of  the  initial  ullage  volume  and  the  pressure 
differential  between  the  initial  and  final  pressures,  i.e.,  AN  a  APr  Vu 
where  APr  =  burst  pressure  -  initial  pressure.  Thus  the  specific  yield 
can  be  considered  a  function  of  APr  Vu,and  Curve  A  of  Fig.  5-33  can  be  used 
to  generate  a  family  of  terminal  yield  curves  (such  as  Curve  C)  for  a  range 
of  APr  values  by  using  an  effective  value  of  ullage  volume  rather  than  the 
actual  value  to  determine  the  specific  yield  where  the  effective  ullage 
value  is  as  given  below: 

AP 

V  =  — -  V 

u-eff  85  « 

Figure  5-34  shows  the  combined  effects  of  ullage  volume  and  pressure 
differential  on  the  maximum  terminal  yield  calculated  in  the  manner  indicated 
above.  The  yield  changes  are  expressed  by  a  factor  k, which  is  the  ratio  of 
the  yield  for  a  given  Vu  and  APr  to  that  for  the  standard  condition  of 
Vu  =  10%  and  APr  =  85  psi. 

Prediction  Method  Development  for  LOg/RP-1  CBM  Case 

In  developing  a  yield  prediction  method  based  on  the  information  given 
in  the  previous  section,  it  is  convenient  vO  consider  two  basic  cases:  one 
where  the  ignition  time  is  not  known  and  one  where  it  is  known.  It  Is  also 
desirable  to  treat  separately  certain  ranges  in  values  of  some  parameters 
which  are  of  little  interest  or  whose  occurrence  is  extremely  unlikely. 

These  excluded  parameter  ranges,  which  are  listed  below,  are  considered 
in  a  special  section  following  the  general  prediction  method  development: 

•  Propellant  Weight  (W)  <10,000  lb 

•  Diaphragm-Opening-to-Tank -Diameter  Ratio  (Jl^/D^)  s  0.45 
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Fig.  5-34.  Effects  of  Ullage  Volume  and  Pressure  Differential  on 
Terminal  Yield  for  LO^/RP-l  CBM  Case 
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Case  1  -  Unknown  Ignition  Time.  To  obtain  a  conservative  estimate  for 
this  case  it  must  be  assumed  that  the  Ignition  time  is  the  maximum  possible, 
i.e.,  the  value  at  the  time  of  tank  rupture.  Thus  in  this  case  we  are  in¬ 
terested  in  predicting  yield  as  a  function  of  L/D,  V  ,  and  AP  ,  given  that 
*  * 

t  ^  t  and  D  /D  -  0.45. 
max  o  t 

By  excluding  W's  of  10,000  lb  or  less  and  DQ/Dt ' s  greater  than  0.45,  Eq . 

(5.1) ,  the  basic  prediction  equation  for  the  standard  conditions  of  V  =  10%  and 

u 

£Pr  =  85  psi,  becomes 


Y 

—^=0,76  -  0.092  L/D  (5.2) 

t 

* 

The  value  of  t  for  these  same  standard  conditions  can  be  obtained  by 
max  J 

averaging  the  experimentally  observed  ignition  times  for  the  tests  which  are 
considered  to  fit  in  this  category.  These  results  are  given  below 


Test 

Ignition 

Time 

Propellant 

Weight 

* 

t 

max 

(msec/lb1^3) 

L/D 

Number 

(msec) 

(lb) 

1.8 

237 

127 

200 

21.7 

1.8 

101 

145 

200 

24.8 

1.8 

239 

156 

200 

Average 

26.6 

24,4 

1.8 

192 

216 

1000 

21.6 

1.8 

193 

222 

1000 

22.2 

1.8 

270A 

225 

1000 

Average 

22.5 

22,1 

1.8 

275 

515 

25 , 000 

17.6 

1.8 

278 

530 

25 , 000 

18.1 

1.8 

282 

540 

25,000 

Average 

18.5 

18.1 

Grand  Average  21.5 
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For  an  L/D  of  1.8  these  results  indicate  a  alight  decrease  in  t 

with  increasing  propellant  weight.  Although  conceivably  some  credit  could 

be  taken  for  this  in  extrapolating  to  larger  scales,  the  reductions  would 

not  be  large,  and  considering  the  uncertainties  in  the  burst  strengths  and 

tank  pressure  at  rupture,  it  seems  somewhat  safer  to  not  extrapolate  this 

trend  but  to  use  the  average  value  of  all  the  data  as  a  conservative 

estimate.  For  an  L/D  of  5  , only  one  test  at  the  200-lb  scale  was  conducted 

with  ignition  at  tank  rupture.  The  ignition  time  for  this  test  was  a  factor 

of  1.55  times  the  average  value  of  the  ignition  time  for  the  200-lb,  L/D 

of  l.S  data.  Thus  the  best  estimate  of  t*  for  an  L/D  of  5  was  taken  as 

max 

1.55  times  the  average  value  for  an  L/D  of  1.8  or  1.55  times  21.5  =  33.2 

.  1  /  3 
msec/lb 

The  yield  values  obtained  from  Eq,  (5.2)  for  L/D  ratios  of  1.8  and  5.0 

and  the  t*  values  given  above  are  plotted  in  Fig.  5-35.  Also  shown  in 
max 

the  figure  are  the  upper  90  percent  prediction  values  for  these  two  points. 

A  linear  interpolation,  as  indicated  by  the  straight  lines,  is  recommended 
for  intermediate  L/D  values.  As  discussed  earlier,  the  values  for  an  L/D 
of  5.0  are  recommended  for  larger  L/D  values. 

To  account  for  differences  in  Vu  and  £Pr  from  the  standard  values,  the 
correction  factor  k  has  to  be  multiplied  by  the  yield  values  given  in  this 
figure.  The  values  of  k  can  be  obtained  from  Fig.  5-34. 

Ccse  2  -  Known  Ignition  Time.  For  this  case  t*  is  retained  as  a  variable 
and  Eq.  (5.2)  would  be  used 

Y  =  t  *  (0.76  -  0.092  L, 

* 

This  equation  is  valid  for  all  t  values  wh: ~h  give  yield  values  less 

than  or  equal  to  the  maximum  >ield  values  computed  for  Case  1.  The  yield  as 

given  by  this  equation  is  plotted  in  the  upper  part  of  Fig.  5-36  as  a 
* 

function  of  t  for  various  L/D  and  k  values,  where  k  is  obtained  from  Fig,  5-34. 
The  upper  bounds  for  the  90-/err.  »nt  prediction  interval  for  this  equation  are 
given  in  the  lower  part  of  Fig.  5-36. 
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These  plots  are  basically  for  the  purpose  of  determining  either  the  ex¬ 
pected  yield  or  the  upper  bound  for  the  90 -percent  prediction  interval  about 
the  expected  yield  given  the  expected  ignition  time.  The  various  constant  k 
lines  (dashed),  however,  also  give  the  yield  value  corresponding  to  the  maxi- 
mum  t  value  possible  prior  to  tank  rupture. 

Note  that  a  straight-line  interpolation  has  been  used  between  the  L/D 
values  of  l.C  and  5  for  each  of  the  constant  k  lines  in  the  upper  part  of  Fig. 
5-36.  Equation  (5.2)  actually  gives  a  curved  line  which  lies  slightly  below 
the  straight  line  for  Intermediate  IV D  values  but  the  differences  are  very 
small  (less  than  5  percent  of  the  yield  value)  ,  so  they  have  been  neglected. 

Also  note  that  the  form  of  the  selected  equation  leads  to  both  the  yield 
and  the  upper  bound  being  zero  for  an  ignition  time  of  zero.  Insufficient 
data  were  obtained  at  small  scaled  times  to  verify  thi  point,  however,  so 


is  recommended. 


1/3 

that  a  minimum  time  of  5  msec/lb 

Special  Cases, 

(1)  W  s  10,000  lb 

As  shown  by  Eq.  (5.1)  the  yield  values  for  this  condition  can  be  ob¬ 
tained  by  multiplying  the  yield  values  obtained  from  the  general 
prediction  method  by  the  factor 

217 

(1  +  -y)  ,  where  W  is  in  pounds 


' 

\ 


(2) 


D  /D  2:  0.45 
o  t 

Use  Eq.  (5.1)  to  determine  yield  values  for  the  standard  conditions 

(V  =  10%,  4P  =  85  psi) 
u  *  r 

Estimated  t  values  are  given  below: 
max 


£  D  /D* 

L/D 

t 

{  o  t 

max 

f  10 

1.8 

43 

f  1.0 

5.0 

57 

To  correct  for  differences  in  standard  conditions,  multiply  t 
values  by  k  factor  given  in  Fig.  5-34, 


max 


5-76 


9 

1 1 

i 
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Descriptive  Model  for  LO2/LH2  CBM  Case 


Although  some  of  the  features  of  the  descriptive  nodel  for  the  LO2/RP-I 
case  are  applicable  to  the  LOg/LHg  case,  there  are  some  significant  differ¬ 
ences  In  behavior  due  primarily  to  the  very  low  density  of  the  LHg.  In  this 
case,  the  LHg  is  on  top,  and  since  its  density  is  very  much  less  than  that  of 
the  LOg,  there  is  little  tendency  for  it  to  penetrate  the  L02  once  the  initial 
impact  and  plunging  process  is  over. 


Also,  because  of  the  very  low  density  of  the  it  would  be  expected 

that  the  plunging  of  the  UI2  stream  in  the  middle  of  the  LOg  pool  for  the 
partially  open  case  should  be  much  less  pronounced.  This  suggests  that  there 
would  not  be  as  much  difference  in  the  rates  of  yield  generation  between  the 
partial-  and  full-open  cases  as  in  the  L02/RP-1  case.  The  low  heat  of  vapori¬ 
zation  of  the  IJ12  also  would  be  expected  to  result  in  a  relatively  greater 
amount  of  gas  generation,  which  would  tend  to  keep  the  main  masses  of  pro¬ 
pellants  apart,  particularly  for  the  larger  L/D  ratios. 


The  likely  greater  physical  stability  of  this  propellant  combination 
suggests  that  frozen  oxygen  may  have  a  much  greater  inhibiting  effect  on 
mixing  than  does  f  ozen  RP-1,  and  the  experimental  evidence  tends  to  con¬ 
firm  that  some  such  terminating  process  as  this  exists,  since  tank  rupture 
due  to  IH2  buildup  occurred  in  only  one  of  the  four  test  configurations 

Studied  (L/D  of  1.8,  D  /D.  of  1.0). 

o  t 

Because  of  the  inherent  characteristics  of  LH2,  there  is  some  potential 
for  a  small  explosive  reaction  between  the  L02  and  LH2  being  enhanced  by 
subsequent  mixing  and  reaction  of  the  LH2  with  the  ambient  air  outside  of 
the  tankage.  Thus  the  yield  for  small  ignition  times  may  be  relatively  much 
greater  than  for  IX^/RP-l. 

Prediction  Equation  Development  for  LO9/LH9  CBM  Case 

The  important  guidelines  obtained  from  the  above  model  with  regard  to 
the  formulation  of  trial  equations  are  as  xollows: 
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1.  Yield  is  expected  to  increase  with  time  initially  and  then  to 
level  off  and  approach  a  constant  value.  In  most  cases,  the 
leveling  off  point  is  expected  to  be  reached  prior  to  tank  rupture. 

2.  In  contrast  to  MV/RP-l,  the  yield  value  (if  ignition  occurs  at 

zero  time)  may  be  large  enough  compared  to  the  maximum  value  that  the 
yield  should  not  be  zero  at  zero  time  in  the  mathematical  model. 

3.  As  with  LO^/RP-1  the  most  likely  manner  for  time  to  scale  is  on  the 
basis  of  geometrical  scaling,  which  leads  to  the  scaled-time  term  of 

t/wl/3  =  t*  . 

4.  There  is  no  obvious  reason  to  expect  strong  interactions  between  the 
effects  of  the  variables. 

The  simplest  equation  which  satisfies  these  guidelines  lias  the  general 

form  Y  =  a  +  f(t*  )  +  b/W  +  C(L/D)  +  d(Do/Dt)> where  f  denotes  a  function  of 
* 

t  and  a,  b,  c,  and  d  are  constants. 

* 

Using  various  specific  forms  for  f (t  )  and  the  data  given  in  Table  5-4, 

regression  analyses  were  performed  with  yield  as  the  dependent  variable  and 

the  other  parameters  as  the  factors.  The  results  of  the  analysis  indicated 
+ 

that  the  VD  and  t  terms  were  significant,  while  the  W  and  D  /D  terms  were 

o  t 

not  significant.  It  was  also  noted  that  elimination  of  the  case  of  an  L/D 
of  1.8  and  1.0  rendered  L/D  as  no  longer  significant  and  that  the 

time  effects  were  only  evident  in  the  first  100  msec  (based  on  200-lb  data). 
Since  DQ/Dt  values  of  greater  than  0.45  are  considered  highly  unlikely,  this 
case  was  dropped  from  the  general  analysis  and  considered  separately.  The 
final  form  of  the  trial  equations  then  became: 

Y  =  a  +  b  t*  t*  t* 

crit 

.  *  *  * 

Y  =  b'  t  t  it  ^ 

cri  t 

Values  of  the  three  constants  were  then  obtained  by  a  stepwise  regression 
* 

analysis  and  that  for  t  from  the  intersection  of  the  two  equations.  The 

crit 

final  form  of  the  prediction  equations  is  given  below: 

Y  =  2.8  *  0.82  t*  t*  <  21,1  msec/lb1/3 

Y  =  20  t*  >  21.1  msec/lb1/3  <5,3) 
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This  equation  is  plotted  in  Fig.  5- 37  along  with  the  experimental  data 
points  for  comparison.  Also  shown  in  the  figure  is  the  upper  bound  for  the 
90-percent,  prediction  inter  v.1 . 

The  use  of  this  equation  for  values  of  the  parameter  outside  the  range 
studied  is  considers  he.low. 

L/D  Ratio.  It  is  reasonable  to  expect,  that  this  equation  is  valid  for 
all  ranges  of  L/D  of  interest  (i.e,,  all  values  greater  than  1.8)  and  that  it 
will  be  on  the  conservative  side  for  L/D  values  greater  than  5. 

Do/Dt  Ratio.  Several  data  points  are  available  for  Dq/D^  *-atios  less 
than  0.45.  These  are  given  below  and  compared  with  the  values  predicted  from 
Eq.  (5.2). 


Test 

Number 

D  /D. 

O  t 

Propellant 

Weight 

(lb) 

¥ 

t 

(msec/lb1^2) 

Measured 

Yield 

(%) 

Predicted 

Yield 

(%> 

169 

0.083  * 

200 

54 

15 

20 

173 

0.083 

200 

10 

15 

11 

S-IV 

0.083 

91,200 

4 

5 

6 

Corresponds  to  a  0.7%  area  opening 


The  differences  between  the  measured  and  predicted  yields  are  well  within  the 
uncertainty  range  of  the  equation  and  thus  the  differences  cannot  be  considered 
significant ,  It  is  concluded  therefore  that  this  equation  is  valid  tor  all 
DQ/Dt  values  less  than  0.45.  This  equation  is  also  considered  valid  for 
D^Dj.  values  between  0.45  and  1.0  providing  the  L/D  value  is  5  or  greater. 

Ullage  Volume  and  Tank  Pressure.  Since  the  mixing  process  for  this  pro¬ 
pellant  combination  appears  to  be  terminated  by  some  mechamism  (most  likely  by 
a  frozen  or  partially  frozen  LQ^  block)  other  tiu»n  tank  rupture  due  to  pro¬ 
pellant  vaporization,  changes  in  ullage  volume  and  tank  burst  pressure  are  not 
expected  to  have  the  large  effect  found  for  LO2/RP-I  (still  excluding  the 
case  of  Dq/D^  >  0.45).  Two  data  points  are  available  which  verify  this 
postulate . 
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These  are  shown  below  and  Compared  with  the  values  predicted  from  Eq.  (5.2) 


Test 

Number 


Ullage 

Volume 

<%> 

Propellant 

Weight 

(lb) 

t  * 

(msec/lb^^^) 

Measured 

Yield 

<%) 

Predicted 

Yield 

(%) 

40 

133 

1490 

24 

20 

40 

13? 

132 

35 

20 

Here  the  data  are  above  the  predicted  values  but  not  far  enough  above 
compared  with  the  uncertainty,  so  that  the  differences  can  be  considered 
insignificant.  Thus  it  is  concluded  that  the  equation  is  valid  for  all 
reasonable  ranges  of  ullage  volumes  and  tank  burst  pressures. 

Special  Case:  D^/Dt  >  0.45  and  L/D  <  5.0.  The  only  data  available  for 
this  case  are  for  a  D^D^.  of  1  and  an  L/D  of  1.8.  The  data  are  plotted  in 
Fig.  5-38,  and  their  use  is  recommended  as  a  conservative  estimate  for  all 
Do/Dt  values  greater  than  0.45  when  the  L/D  ratio  is  less  than  5.  These 
data  are  insufficient  in  themselves  to  compute  a  90-percent  upper  prediction 
interval  curve.  Accordingly  the  ratio  between  the  equation  and  the  upper 
bound  in  the  flat  region  of  the  curve  in  Fig.  5-37  was  used  to  estimate  this 
bound. 

Confinement-by-the-Ground-Surface  Case 


Test  Parameters 


In  tho  conf iuement-by-the-ground-surface  case,  the  propellants  are 
initially  contained  in  separate  tanks  with  thin  foil  bottoms,  one  suspended 
above  the  other,  on  a  drop  tower.  The  tanas  are  released  from  their  support 
cable  and  allowed  to  drop  under  essentially  free-fall  conditions,  guided 
only  by  skates  fastened  to  a  rail  on  the  side  of  the  drop  tower.  The 
bottoms  of  the  tanks  are  ruptured  by  a  cutter  ram  when  they  near  the  ground 
surface  and  the  tank  proper  is  stopped  about  1.5  tank  diameters  off  the 
surface,.  Thus  the  propellants  are  permitted  to  impact  and  spread  on  the 
ground  surface  free  of  the  tankage. 
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The  basic  parameters  selected  for  testing  in  this  condition  were: 
t  -  Tine 

v  -  Impact  velocity 
F  -  Flow  direction 

L/D  -  Length- to-diameter  ratio  of  propellants 
PO  -  Propellant  orientation 
W  -  Propellant  weight 

Descriptive  Model  for  LQ2/RP-1  CBCS-V  Case 

In  the  model  developed  for  the  vertical  condition  of  the  CBGS  case,  it 
is  convenient  to  consider  the  time  sequence  of  events  as  divided  into  four 
consecutive  periods. 

1.  From  the  time  of  drop  until  the  second  (or  top)  propellant  starts 
impacting  the  ground 

2.  From  the  time  the  second  propellant  starts  impacting  the  ground 
until  it  is  essentially  all  down 

3.  From  the  time  the  second  propellant  is  all  down  until  it  overlaps 
the  bottom  propellant 

4.  From  the  time  the  second  propellant  overlaps  the  bottom  propellant 
to  the  time  it  has  spread  to  a  pool  of  about  three  times  the  size 
of  that  of  the  bottom  propellant 

If  ignition  occurs  during  the  first  time  period,  relatively  small  yields 
would  be  expected,  since  the  main  masses  of  propellants  have  not  yet  contacted 
each  other.  The  situation  would  be  expected  to  be  somewhat  similar  to  that 
for  the  hypergolic  propellant  combination  under  similar  impact  conditions. 

During  the  second  time  period,  significant  mixing  can  start  to  occur, 
because  both  propellants  are  in  a  favorable  geometry  for  mixing,  i.e., 
overlapping  thin  layers.  Since  only  about  30  percent  of  the  bottom  propellant 
has  been  overlapped  at  the  end  of  this  time  period,  however,  the  yield  at  this 
time  is  still  expected  to  be  much  below  the  maximum  value.  If  it  is  assumed 
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that  the  yield  is  proportional  to  the  fraction  of  the  bottom  pool  overlapped, 
it  would  be  about  30  percent  of  the  maximum. 

During  the  third  time  period,  as  the  propellants  continue  to  spread  out 
on  the  ground  surface,  an  increasingly  larger  percentage  of  the  bottom  pro¬ 
pellant  becomes  overlapped,  and  if  both  propellants  continued  to  spread  in 
definitely  at  the  name  velocity,  the  yield  would  tend  to  asymptotically 
approach  some  maximum  value  (assuming  a  negligible  amount  of  boil-off). 

For  the  normal  orientation,  however,  the  RP-1, which  is  on  the  bottom,  does 
not  spread  indefinitely  at  a  constant  velocity,  but  rathe:-  tends  to  slow 
down  and  stop  rather  abruptly  at  some  maximum  pool  diameter.  Thus,  the  I/>2, 
which  has  boen  lagging  behind  the  RP-1,  rapidly  catches  up  and  completely 
overlaps  the  RP-1.  It  is  anticipated  that  the  maximum  yield  value  should 
occur  at  approximately  this  catch-up-time,  since  that  portion  of  the  liquid 
oxygen  which  is  not  trapped  in  the  RP-1  pool  can  overrun  it. 

As  long  as  the  propellants  are  moving  at  constant  velocity  and  geo¬ 
metrical  scaling  is  assumed,  it  can  be  shown  that  the  fraction  of  pool 
overlapped  during  the  third  time  period,  at  least  up  until  the  time  the 
RP-1  pool  stops,  remains  invariant  With  a  change  in  the  scale  of  testing, 
provided  that  time  and  distance  are  scaled  by  the  linear  scale  factor,  i.e., 
the  cube  root  of  the  weight.  It  also  was  noted  in  the  films'  that  the  maxi  - 
mum  diameter  of  the  RP-1  pool  increased  as  the  velocity  of  impact  increased. 
Thus,  it  would  be  expected  that  the  pool  diameter  at  which  the  maximum  yield 
would  be  obtained  would  scale  in  the  following  fashiou: 

D/W1/3f (v) 

During  the  fourth  time  period,  the  L02  pool  is  overrunning  the  RP-1, 
and  the  yield  will  decrease  until  all  the  L02  which  is  not  trapped  with  the 
RP-1  has  left  the  vicinity.  During  this  period,  boiling  of  the  oxygen  will 
also  contribute  to  che  yield  decrease;  however,  it  is  believed  that  this  is 
a  somewhat  slower  phenomenon  than  the  overrunning  and  thus  not  a  major  factor 
in  the  time  period  of  concern. 
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Fcr  the  reversed  propellant  orientation,  the  L02  ”  which  is  on  the 
bottom  —  would  not  stop,  so  that  the  RP-1  is  unlikely  to  catch  up  completely 
with  It.  This  indicates  that  the  maximum  yield  for  the  reversed  propellant 
orientation  should  be  less  than  for  the  normal  orientation. 

This  general  model  also  suggests  that  the  effects  of  increasing  the  WD 
ratio  of  the  impacting  propellants  would  cause  the  rate  of  buildup  of  yield 
to  be  slower  (because  the  IX>2  would  initially  lag  farther  behind  the  RP-1) 
but  that  it  would  likely  reach  the  same  maximum  value  at  a  slightly  longer 
time  (because  the  RP-1  would  stop  at  approximately  the  same  radius). 

In  addition  to  the  velocity  effect  on  the  critical  pool  diameter,  it  also 
would  not  be  surprising  to  find  that  throughout  the  entire  time  range  the 
yield  would  be  somewhat  greater  for  the  higher  impact  velocities  because  of 
the  greater  turbulence  in  the  propellant  flows. 

Prediction  Equation  Development  for  LO2/RP-I  CBCiS-V  Case 

On  the  basis  of  this  descriptive  model  of  the  process,  the  following 
guidance  crn  be  obtained  with  regard  to  the  trial  mathematical  models: 

1.  One?  the  propellants  are  all  down,  the  yield  is  expected  to  increase 
rather  rapidly  as  the  pools  spread  and  to  reach  a  maximum  value  when 
the  L02  poor  Just  overlaps  the  RP-1  pool.  This  overlap  is  expected 
to  be  reached  at  a  pool  diameter  proportional  to  the  product  of  W1/3 
and  some  function  which  increases  with  an  increase  in  v.  In  other 
words,  the  overlap  pool  diameter  is  expected  to  be  reached  for  a 
constant  value  of  D/W1/3f(v). 

2.  As  the  LOg  pool  spreads  beyond  the  overlap  pool  diameter,  the  yield 
is  expected  to  decrease  at  a  fairly  rapia  rate  (but  let>s  rapidly 
than  on  the  buildup  side)  and  to  asymptotically  approach  some 
relatively  constant  value  (ignoring  boil-off), 

3.  The  yield  values  throughout  the  entire  range  of  pool  diameters  are 
likely  to  increase  with  increasing  impact  velocity. 

These  point3  suggest  that  correlation  of  the  results  can  be  obtained  by 
the  following  general  typs  of  equation 


h(v)  =  h  (f  <^>) 
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where  D*  =  D/W*'“  and  f,  g,  and  h  denote  functions  of  the  variables  enclosed 
in  the  parentheses.  After  some  preliminary  trials  of  various  specific  forms 
of  this  general  equation,  it  appeared  that  f(v)  and  h(v)  could  be  adequately 
expressed  as  simple  positive  powers  of  v.  Thus  the  equation  could  be  reduced 


y  /  d*  \ 

n  "  8 \vm  / 


where  n  and  m  are  constants. 


Because  of  the  relatively  complicated  form  anticipated  for  the  function 
g(D*/vm),  i.e.,  s  rapid  increase  to  a  maximum  value  followed  by  a  somewhat 
slower  decrease  approaching  some  constant  value  aaymptotically,  it  seemed 
desirable  in  the  actual  regression  analysis  to  divide  the  equation  into  two 
parts,  one  function  to  express  the  increase  in  yield  to  the  maximum  value, 
the  other  to  account  for  the  decrease. 

The  final  trial  forms  of  the  equation  selected  were  as  follows: 


Y  bD*  D*  /  D*  \ 

—  =  a+—  for  0<-<  - 
vn  vm  vm  Vvm/ci 

±  . .  ■  ♦  „ .  (St\l 

vu  Vy  *»/  v"> 


it  should  be  noted  that  the  effects  of  L/D  and  propellant  orientation 
are  not  included  in  the  trial  equation.  Only  a  small  number  of  tests  were 
run  u?«Jr„  conditions  other  than  the  standard  ones  of  the  normal  propellant 
orientation  and  an  L/D  of  1,8,  and  it  seemed  better  to  consider  variations  of 
those  parameters  after  the  equation  development  for  the  standard  conditions. 

The  values  of  the  constants  (a,b,a',b',n  and  m)  in  these  equations  were 
determined  by  a  stepwise  regression  analysis  using  the  set  of  data  given  in 
Table  5-5.  (See  Appendix  B  for  treatment  of  r  and  m.)  The  final  form  of 
the  prediction  equation  is  given  below: 
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(5  4) 


This  equation  is  plotted  in  Fig.  5-39  along  with  the  experimental  data  for 
comparison.  Also  shown  in  this  figure  is  the  upper  bound  on  the  90-percent 
prediction  interval  about  this  equation.  Note  that  the  25,000-lb  data  point, 
which  was  not  used  in  deriving  the  equation, fits  the  curve  very  well.  Also 
note  that  the  equation  is  based  only  on  the  data  where  all  the  propellants 
are  out  of  the  tankage  and  on  the  surface.  (Corresponding  to  2-—  values 

yU  •  Z 

greater  than  0.1,  and  is  expected  to  be  conservative  for  earlier  times  when 
some  of  the  propellants  are  still  confined  in  the  tankage.) 

Another  rather  interesting  check  on  the  prediction  equation  in  the 
vicinity  of  its  maximum  is  Test  Number  295,  which  simulated  a  two-stage 
missile  in  the  CBGS-V  test  condition.  The  bottom  stage  consisted  of  the 
standard  1000-lb  LOg/RP-l  tankage  with  an  L/D  of  1.8,  while  the  upper  stage 
consisted  of  the  standard  200-lb  LOg/LH^  tankage  with  an  L/D  of  1.8.  The 
impact  velocity  was  44  ft/sec,  the  time  of  ignition  was  540  msec,  and  the 
terminal  yield  70  percent. 

The  L02/RP~1  prediction  equation  gives  a  yield  of  93  percent  for 
1000  lb  or  an  equivalent  TNT  weight  of  930  lb.  The  LO^/LKg  prediction 
equation  (Eq.  \5.5)j,  discussed  later,  gives  a  yield  of  37  percent  for  the 
200  lb  of  LC^/LHg  or  an  equivalent  weight  of  74  lb.  The  total  equivalent 
weight  for  both  stages  is  1004  lb  for  an  overall  yield  of  about  84  percent. 
This  compares  very  well  with  the  measured  value  of  70  percent. 

The  test  da£&  for  the  reversed  propellant  orientation  and  for  an  L/D  of 
5  are  compared  with  the  prediction  equation  in  Fig.  5-40.  As  expected,  the 
data  for  the  normal  propellant  orientation  with  an  L/D  of  5  lie  below  the 
prediction  equation,  reflecting  the  greater  separation  between  the  two 
spreading  pools  and  thus  the  smaller  fraction  of  the  RP-1  pool  overlapped 
by  the  LOtj  at  a  given  tine  for  this  case  compared  with  that  for  the  L/D  of 
1.8  case.  The  arrows  on  each  of  the  data  points  show  the  pool  diameter  for 
the  L/D  of  1,8  case  which  has  the  same  percent  overlap  of  the  RP-1  by  the  LOg 
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Fig.  5-40.  Comparison  of  Data  for  Reversed  Propellant  Orientation  and  for 
an  L/D  of  5  with  L0„/RP-i  CBGS  Prediction  Equation 
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aa  for  the  L/D  of  5  case  (calculated  on  the  assumption  of  a  uniform  thickness 

pool).  This  comparison  generally  supports  the  postulated  effect  of  L/D  on 

yield,  although  the  data,  suggest  the  possibility  that  yield  values  for  an  L/D 

of  5  might  be  somewhat  lower  than  those  for  an  L/D  of  1.8,  The  data  for  an 

* 

L/D  of  5,  however,  are  too  limited  both  in  number  and  range  of  D  values  to 
use  in  trying  to  derive  a  correction  factor.  Accordingly  it  is  recommended 
that  the  results  for  an  I/D  of  1.8  be  used  as  a  conservative  estimate  for  all 
larger  L/D  values;  the  estimate  is  conservative  in  the  sense  that  on  the  in¬ 
creasing  portion  of  the  curve,  including  the  maximum  value,  the  yield  values 
for  larger  L/D  values  will  be  less.  Because  of  the  expected  shift  in  peak 
position,  the  larger  L/D  values  could  give  higher  yields  in  the  falling  part 
of  the  curve. 

The  data  points  for  the  reversed  propellant  orientation  scatter  around 
the  prediction  equation  and  seem  to  fit  it  within  the  uncertainty  in  results 
Indicated  by  the  difference  between  the  equation  and  the  90-percent  upper 
prediction  interval.  Accordingly  Eq.  (5;4)  is  also  considered  valid  for 
the  reversed  propellant  orientation. 

Prediction  Method  Development  LOa/RP-l,  CBGS-V  Case 

As  with  the  CBM  case,  it  is  convenient  to  consider  two  basic  cases,  the 
Ignition  time  known  or  unknown.  If  the  Ignition  time  is  unknown,  it  is 
possible  that  ignition  could  occur  at  the  time  (or  pool  diameter)  which  gives 
the  maximum  yield  (D  /v0’2  =  1,1  from  Fig.  5-39).  Curve  A  of  Fig.  5-41  is  a 
plot  of  this  maximum  yield  as  a  function  of  impact  velocity.  This  curve 
indicates  that  yields  over  100  percent  are  expected  for  velocities  greater 
than  50  ft/sec  (corresponds  to  free  fall  from  a  height  of  about  38  ft) . 

Since  the  peak  of  the  curve  shown  in  Fig.  5-39  is  rather  narrow,  it  could 

be  argued  that  the  probability  of  ignition  at  or  near  the  peak  is  rather  low 

and  that  it  is  too  conservative  to  use  the  peak  value.  Instead,  one  might 

choose  the  yield  value  which  is  exceeded  during  only  10  percent  of  some 

selected  time  interval.  For  example,  if  this  were  done  for  a  time  interval 
^  0  2 

up  to  a  D  /v  ‘  of  5,  the  maximum  yield  value  as  a  function  of  impact  velocity 
would  be  Curve  B  shown  in  Fig.  5-41.  It  can  be  seen  that  this  does  not  change 
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the  overall  picture  significantly,  since  Curve  B  also  indicates  large  yields 
at  relative  low  velocities.  The  upper  bound  to  the  80-percent  prediction 
interval  shout  Curve  A  is  given  in  Fig.  5~4i  as  Curve  C. 

If  the  Ignition  time  is  known,  the  yield  values  can  be  obtained  directly 
from  Sq.  (5.4).  Figure  5-42  is  a  plot  of  yield  versus  t*  for  selected  values 
of  velocity.  Also  shown  are  the  drop  heights  which  would  lead  to  the  veloc¬ 
ity  values .  Figure  5-4 3  is  a  similar  plot  for  the  upper  bound  to  the  90-percent 
prediction  lntervrl. 

Descriptive  Model  for  LO9/LH9  CBGS-V  Case 

With  one  Important  exception,  the  descriptive  model  for  the  LQj/RP-l 
cuss  is  applicable  to  the  LO^/UF^  case.  This  exception  is  that  the  LCJj,  the 
bottom  propellant  for  this  case,  does  not  stop  spreading,  as  does  the  RP-1. 

Thus  the  yield  is  expected  to  asymptotically  approach  some  maximum  value,  with 
the  only  factor  tending  to  eventually  reduce  the  yield  being  the  boil-off  of  the 
propellants, 

Pred ictlon  Equation  Development  for  the  LO2/LH2  CBGS-V  Case 

On  the  basis  of  the  descriptive  model  of  the  process,  the  following 
guidance  can  be  obtained  with  regard  to  the  mathematical  models: 

1.  Once  the  propellants  are  all  down,  the  yield  is  expected  to  in¬ 
crease  rather  rapidly  as  the  pools  spread  and  to  asymptotically 
approach  a  maximum  value, 

?  The  yield  values  are  generally  expected  to  Increase  with  an  in¬ 
crease  in  impact  velocity. 

These  points  suggest  that  correlation  of  the  results  can  be  obtained  by 

+ 

the  general  type  of  equation  Y  a  f(v)g(D  ),  where  f  and  g  denote  a  function  of 
the  variable  in  parenthesis  After  some  preliminary  plots  and  trials  of 
various  specific  forms  of  this  general  equation,  it  appeared  that  each  of 
the  two  functions  could  be  adequately  represented  by  a  simple  power  series. 

Thus  the  equation  reduced  to 

Y  =  (a  +  bv  +  cv*  +  . . . )  (a  '  +  b  'D*  +  c  'D* 1  +  , . . ) 
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A  stepwise  regression  analysis  was  then  made  using  this  form  for  the  equation. 
The  results  indicate  that  the  only  terms  of  significance  were  aa  v*D*,  and 

O  *  • 

v*D  * .  Thus  the  final  form  of  the  equation  becomes 

Y  =  18.4  +  0.0031^0*  ~  0.00015v*D**  (5.5) 

This  equation  is  plotted  in  Fig.  5-44  along  with  the  experimental  data 
for  comparison.  Also  shown  is  the  upper  bound  to  the  90-percent  prediction 
interval . 

Prediction  Method  Development  For  LO9/LH9  CBGS-V 

As  with  the  LO2/RP-I  case,  it  is  convenient  to  consider  two  basic  cases, 
the  ignition  time  known  or  unknown.  If  the  ignition  time  is  unknown,  it  is 
possible  that  ignition  could  occur  at  the  time  (or  pool  diameter)  which  gives 
the  maximum  yield  [D*  =  10.3  from  Eq.  (5.5)].  Curve  A  of  Fig,  5-45  is  a  plot 
of  this  maximum  yield  as  a  function  of  impact  velocity.  This  curve  indicates 
that  yields  over  100  percent  are  expected  for  velocities  greater  than  about 
70  ft/sec.  Also  shown  as  Curve  B  in  Fig,  5-45  is  the  upper  bound  to  the 
90-percent  prediction  interval  ;r  this  case. 

If  the  ignition  time  is  known,  the  yield  values  can  be  obtained  directly 

* 

from  Eq.  (5.5).  Figure  5-46  is  a  plot  of  yield  vs  t  for  selected  values  of 
velocity.  Also  shown  are  the  drop  heights  which  would  lead  to  these  velocity 
values.  Figure  5-47  is  a  similar  plot  for  the  upper  bound  to  the  90-percent 
prediction  interval. 

Descriptive  Model  and  Prediction  Method  Development  for  L02/KP~1  CBGS-H  Case 

In  this  case  for  the  normal  propellant  orientation,  the  HP-1  was  always 
dropped  from  the  lowest  practical  height,  which  produced  a  velocity  of  about 
12  ft/sec,  while  the  LOg  was  dropped  from  various  heights  and  resulted  in 
impact  velocities  ranging  from  about  25  to  78  ft/sec.  Various  time  delays 
between  dropping  the  two  tanks  were  used  to  obtain  various  sized  pools  of 
RP-1  at  the  instant  the  L0p  impacted  the  ground. 
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Fig.  5-44,  Comparison  of  Experimental  Data  with  Prediction  Equation 
for  LO^/LHg  CBGS-V  case  (dashed  line  -  prediction 
equation;  solid  line  upper  bound  to  90%  Prediction  Interval 
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Fig.  5-45.  Maximum  Terminal  Yield  vs  Impact  Velocity  for 
L02/LH2  CBGS  Case 
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Fig.  5-46.  Terminal  Yield  vs  Scaled  Time  for  UJ^LI^  CBGS  Case 
as  a  Function  of  Impact  Velocity 
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The  propellant  mixing  behavior  for  this  case  is  expected  to  be  generally 
similar  to  that  for  the  CBGS-V  case,  i.e.,  yield  should  increase  rapidly  as 
the  LOj  overlaps  the  RP-1  pool  and  reach  a  maximum  at  about  the  time  the 
pools  are  completely  overlapped  and  then  decrease  again  as  the  L0a  overruns 
the  RP-1. 

This  similarity  is  illustrated  in  Fig,  5-48,  which  compares  the  basic 

prediction  curve  for  the  vertical  case  with  the  experimental  data  for  the 

horizontal  case.  In  plotting  the  experimental  data  for  the  normal  propellant 

0  9  *  0  2 

orientation,  the  velocity  of  the  L0a  was  used  in  determining  Y/v  *  and  D  /v  ' 
and  the  time  used  in  computing  D*  was  the  time  after  the  L08  impacted  the 
ground  plus  the  time  to  travel  the  length  of  the  RP-1  tank.  In  other  words, 
the  horizontal  data  were  plotted  such  that  the  size  of  the  LOa  pool  was  the 
same  as  it  would  have  been  for  the  vertical  case.  For  the  reversed  propellant 
orientation,  the  RP-1  velocity  and  time  were  used. 

It  would  be  expected  that  the  horizontal  data  would  generally  be  on  or 
below  the  vertical  prediction  curve  since  the  vertical  case  with  both  pro- 
pe1 " ants  being  dropped  together  and  having  the  same  velocity  tends  to  create 
the  maximum  propellant  overlap  conditions.  The  horizontal  case  with  the  top 
propellant  having  a  much  higher  velocity  tends  to  minimize  the  overlap  time. 

The  experimental  data  confirm  this  point,  since  only  one  data  point  is  above 
the  upper  prediction  bound  and  the  great  majority  lie  well  below  the  prediction 
curve.  Note  that  the  reversed  propellant  orientation  data  also  follow  the 
ser~  pa'1  ‘n.  The  one  high  data  point  is  for  a  very  low  impact  velocity, 
aDout  ii*  ft/sec,  and  the  actual  yield  was  only  25  percent. 

Since  the  vertical  prediction  curve  provides  a  reasonable  upper  limit 
to  the  h*  .  .ratal  case,  its  use  is  recommended  to  obtain  a  conservative 
estimate  for  yields  in  the  horizontal  case.  Its  use  may  be  somewhat  overly 
conservative  when  the  bottom  propellant  pool  is  very  large  at  the  time  of 
impact  of  the  second  propellant  and  when  ignition  occurs  soon  after  the 
second  propellant  impacts;  but  it  is  not  expected  to  be  so  for  longer  times 
of  ignition,  since  complete  propellant  overlap  for  the  horizontal  case  can 
also  occur. 
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Fig.  5-48.  Comparison  of  R.;periaental  Data  for  LO„/RP-l  CBOS-H 
Case  with  Prediction  Equation  (Eq.  <5 ; 4 ) ] 
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To  minimize  the  degree  of  conservatism  at  early  times  of  ignition  for 
the  large  pool  case,  another  upper  limit  in  this  region  can  be  obtained  by: 
first  determining  the  quantity  of  bottom  propellant  overlapped  at  the  time 
of  ignition  (W^);  second,  computing  a  new  effective  total  propellant  weight 
(Wb  +  Wt)  by  adding  Wb  to  the  original  top  propellant  weight  (Wt);  third, 
computing  an  effective  ojwidizer-to-fuel  ratio  (W^./Wb);  fourth,  determining 
the  maximum  specific  explosive  yield  (Yg)  in  percent  for  this  ratio  (Fig.  7-2  ); 
and  fifth,  determining  the  total  yield  (in  percent)  by  multiplying  the  specific 
yield  by  the  ratio  of  the  effective  weight  to  the  original  total  weight  of 
propellant  (W),  A.e„,  W  +  W 

*  ‘s  '  w  ' 

Becaacsw  of  uncertainties  in  propellant  locations  and  the  possibility  of 
some  react *.t-»  eftes  ignition,  a  minimum  yield  value  of  20  percent  is 
recommended , 

Descriptive  Model  and  Prediction  Method  Development  for  LOa/LHg  CBGS-H  Case 

As  with  LO^'RP-l,  the  horizontal  case  for  L02/UH2  is  expected  to  be 
generally  similar  to  the  vertical  case.  This  similarity  if  illustrated  in 
Fig.  5- 49„  which  compares  the  horizontal  data  with  the  vertical  prediction 
equation.  Because  of  this  good  agreement,  it  is  again  recommended  that  the 
vertical  case  be  used  as  a  conservative  approximation  for  the  horizontal 
case. 

High-Velocity-Impact  Case 

Test  Parameters 


In  the  high-velocity-impact  tests,  the  tanks  were  accelerated  down  a 
sled  track  to  speeds  ranging  from  500  to  600  ft/sec  and  allowed  to  impact  into 
a  massive  target  having  two  basic  configurations.  This  was  a  very  limited 
test  series  and  the  target  geometry  was  the  only  variable.  One  target  con¬ 
figuration  was  a  flat  wall,  which  simulated  a  rigid  ground  surface,  the  other 
was  a  deep  hole,  which  simulated  Impact  into  a  soft  surface  in  which  a  crater 
would  be  formed  by  the  impact  process. 


5-102 


TERMINAL  YIELD  (%)  TERMINAL  YIELD  (%) 


tlRR  65.2-35 


AFRPL-TR -68-92 


100, - - - - 

UPPER  BOUND  90% 
PREDICTION 
80  -  EQUATION  Jr 


So  / 

*W'' 

y 

20  *  o 


PREDICTION 

EQUATION 


V  =76  FT/SEC 


UPPER  BOUND 


20  P- — Cr - - 


8  o 
oi - 


V  =  23  FT/SEC 


T_  PREDICTION 
EQUATION 


SCALED  DISTANCE  (FT/LB 


Fig.  5-49.  Comparison  of  Experimental  Data  for  LOg/LHg  CBOS-H  Case 
With  Prediction  Equation  {Eq.  (5.5)] 
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Descriptive  Model  and  Prediction  Method  Development  for  High-Velocity- 

Impact  Cane  for  Both  Propellant  Combinations 

Since  ignition  at  or  very  soon  alter  the  time  of  impact  is  obtained  for 
this  case,  there  <.««  little  time  for  the  type  of  mixing  experienced  in  the  CBM 
case  or  the  much  lower  velocity  CBGS  case,  The  propellants,  however,  have  a 
great  deal  of  kinetic  energy,  and  it  is  anticipated  that  significant  mixing 
can  occur  after  ignition.  In  general,  the  amount  of  mixing,  and  thus  yield, 
would  be  expected  to  increase  with  increasing  impact  velocity.  I*  rlso  would 
be  expected  that  the  confinement  offered  by  the  deep-hole  target  would  tend 
to  contain  the  reacting  propellants  sufficiently  to  result  in  Increased  post- 
ignition  mixing. 

The  experimental  results  for  1XD^/RP-1  and  LO^/IHg  are  plotted  in 
Figs.  5-50  and  5-51,  respectively.  Also  shown  on  the  figures  are  the  CBGS 
results  for  an  ignition  time  t*  =  0.  These  results  confirm  the  expected 
trends  in  the  data,  i.e.,  iucreaae  in  yields  with  increase  in  impact  veloc¬ 
ity  and  higher  yields  for  the  deep-hole  target. 

For  the  L0^/RP-1  flat-wall  case,  it  would  seem  reasonable  to  use  as  the 
best  estimate  of  the  terminal  yield  vs  impact  velocity  curve,  the  line  given 
by  tha  prediction  equation  [gq.  (5-4)]up  to  150  ft/sec,  and  then  the  constant 
value  of  21  percent.  The  data  for  velocities  above  100  ft/s^c  are  insufficient 
to  rigorously  establish  an  upper  bound  to  the  90-percent  prediction  interval 
in  this  ragion.  If  the  upper  bound  for  £q.(5-4>  is  extrapolated  to  i.50  ft/sec, 
it  would  indicate  an  upper  bound  of  about  40  percent.  This  seems  somewhat  on 
the  conservative  side,  however,  considering  the  good  reproducibility  of  the 
2  data  points  at  approximately  520  £t/sec.  Furthermore,  the  general  repro¬ 
ducibility  of  the  hypergolic  high-velocity-impact  tests  also  suggests  less 
variability.  Accordingly  it  is  recommended  that,  30  percent  be  used  as  the 
estimated  upper  90-percent  bound.  The  two  selected  curves  are  shown  in 
Fig.  5-52  (Curves  A  and  B). 

For  the  LOg/RP-l  deep-hole  case,  the  extension  oi  the  basic  prediction 
equation  (Eq.  (5-4)]  which  fits  the  two- high-velocity  points  was  selected  as 
the  best  estimate.  The  upper  bound  was  estimated  by  extending  the  upper  hound 
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of  Sq.  (5.4)  to  150  ft/sec  and  then  extending  it  in  a  line  parallel  to  the 
basic  prediction  equation.  Again  this  is  not  a  derived  value,  but  an  esti- 
"sated  one  based  on  engineering  judgment.  The  two  selected  curves  are  again 
shown  in  Fig.  5-52  (Curves  C  and  D). 

Note  that  the  similarity  between  the  flat-wall  and  deep-hole  curves 
in  the  low-velocity  region  is  reasonable  because  these  impact  velocities 
are  not  sufficient  to  cause  significant  impact  craters  even  in  a  soft 
surface , 

For  the  flat-wall  case,  the  best  estimate  of  the  yield  vb. 

impact-velocity  curve  was  obtained  by  a  linear  extrapolation  between  the 
CBGS  prediction  equation  [Eq.(5.5>]  and  the  high-velocity  data  point.  The 
deep-hole  case  was  estimated  in  a  similar  manner.  The  upper  bounds  to  the 
90-percent  prediction  intervals  were  estimated  by  assuming  a  30-percent 
uncertainty  at  a  yield  value  of  100  percent  and  assuming  a  linear  extrapola¬ 
tion  to  the  value  determined  in  the  low-velocity  region.  The  selected 
curves  are  shown  in  Fig.  5-53. 

It  should  be  emphasized  that  the  two  surface  conditions  used  were 
selected  to  bound  the  range  of  interest.  The  rigid  or  hard  surface  condition 
corresponds  to  essentially  no  penetration  of  the  surface  by  the  Impacting 
tankage.  Rock  or  concrete  surfaces  uould  satisfy  this  condition.  The 
soft  surface  condition  means  essentially  complete  penetration  of  the  entire 
tankage  into  the  surface.  A  water  surface  would  satisfy  thir  condition. 
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Fart  4  —  FULL-SCALE  TESTS 

During  the  program  two  valid  data  tests  were  performed  using  full- 
scale  missile  hardware.  These  were  a  Saturn  S-IV  stage  containing  approxi¬ 
mately  SI,  'JO  lb  of  LO  /LH  and  a  Titan  I  first  stage  containing  approxi- 
mately  100,000  lb  of  LO  /RP-1,  The  objectives  of  these  tests  were  to 
obtain  full-scale  data  points  regarding  the  blast,  thermal t  and  fragmen¬ 
tation  hazards  of  L0„/FIP-1  and  LO  /LH  propellant  combinations. 

Lk  Li  Li 

Saturn  S-IV 

llie  planned  failure  conditions  for  this  test  were  to  rupture  the  common 
oulkhead,  forcibly  bring  the  two  propellants  together  by  having  a  pressure 
differential  between  the  two  propellant  compartments,  and  to  ignite  the 
resulting  propellant  mixture  at  a  known  delay  time.  A  photo  of  the  S-IV 
test  article  is  shown  in  Fig.  5-54. 

The  common  bulkhead  of  the  S-IV  vehicle  is  an  18-f t-diameter  dome 
constructed  of  two  thin  sheets  of  aluminum  separated  by  an  insulating 
layer  of  hexcell  material.  The  overall  thickness  of  this  bulkhead  is 
approximately  1  in. 

This  bulkhead  was  ruptured  from  the  underside  with  an  explosively 
driven  segmented  cutter,  18  in.  in  diameter.  This  cutter  was  designed 
to  slice  through  the  bulkhead,  creating  six  small  segments  which  could 
then  be  easily  removed  by  fluid  flow  through  the  hole.  A  photo  of  this  cutter 
ram  assembly  is  shown  in  Fig.  5-55. 

This  cutter  was  attached  to  a  drive  rod  and  was  installed  in  the  LO 

Li 

tank  in  the  guide  tube  assembly  as  shown  in  Fig.  5-56.  The  lower  end 
of  the  drive  rod  extends  through  the  stopping  tube  and  part  way  into 
the  drive  barrel. 

To  rupture  the  common  bulkhead,  the  drive  rod  cutter  assembly  was 
pushed  by  detonating  an  explosive  charge  in  the  driver  barrel.  Once  the 
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cutter  ram  penetrated  the  common  bulkhead,  a  pin  installed  through  the 
drive  rod  impacted  a  slot  in  the  stopping  tube.  This  brought  the  drive 
rod  and  cutter  to  a  stop  and  prevented  it  from  continuing  on  into  the 
LKg  tank  and  possibly  damaging  the  top  of  that  tank. 

To  aid  in  removing  the  small  segments  cut  by  the  cutter  assembly 
and  to  forcibly  bring  the  two  propellants  together,  the  upper  tank  was 
pressurized  to  approximately  15  psi,  while  the  lower  tank  was  kept  at 
ambient  pressure.  The  ullage  volume  in  the  tanks  was  approximately  3 
percent  in  the  LH2  tank  and  10  percent  in  the  LO2  tank.  The  planned 
Ignition  time  for  this  test  was —10  sec,  although  it  was  expected  that 
the  tank  would  reach  burst  pressure  (—100  psi)  much  sooner  than  this  and 
self -ignite. 

Test  Results 

According  to  all  available  data,  including  direct  observations,  high¬ 
speed  motion  picture  films,  pressure  records,  etc.,  the  failure  mechanism 
hardware  functioned  as  planned.  Ignition,  however,  occurred  183  msec 
after  rupture  of  the  common  bulkhead,  which  was  much  shorter  than,  the 
planned  ignition  time  and  well  before  the  internal  pressure  reached  100  psi. 

The  overpressure  and  positive-phase-impulse  data  obtained  from  this 
test  are  given  in  Table  5-9. 

Average  yield  values  at  each  distance  have  been  calculated  from  the 
data  in  Table  5-9  and  are  presented  in  Table  5-10.  Note  that  the  pressure 
yield  seems  to  level  off  at  a  value  of  about  3  to  3.5  percent  and  the 
impulse  yield  at  a  value  of  6.5  to  7.0  percent. 
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Table  5-9 

PEAK  PRESSURE  AND  POSITIVE-PHASE  IMPULSE  FROM  S-IV  TEST 


GROUND 

GAUGE 

LINE 

PEAK 

POSITIVE-PHASE 

DISTANCE 

OVERPRESSURE 

IMPULSE 

(ft) 

(psi) 

(ps i-msec) 

36 

A 

96.0 

440 

67 

C 

26.42 

231 

117 

A 

12.1 

«  192* 

B 

12.4 

♦* 

200 

A 

4.57 

*** 

B 

4.40 

** 

335 

A 

2.55 

87.2 

B 

2.55 

73.3 

A 

1.02 

** 

600 

B 

1.03 

41.56 

C 

1  .  ..  — 

1.15 

44.5 

Uncertain  because  of  large  correction. 

Noise  on  traces. 

Suspected  base  shift. 

"A"  refers  to  11  o'clock  leg,  "b"  refers  to  7  o'clock  leg,  "G"  refers 
to  3  o'clock  leg. 
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Table  5-10 
S-IV  YIELDS 

Yield 


Surface  Burst 

Rnference  Curve 

Distance 

Pressure 

Impulse 

(ft) 

(%) 

(%) 

38 

1.5 

6.0 

67 

1.5 

4.2 

117 

2.5 

5.8 

200 

2.4 

- 

335 

3.  5 

6.8 

600 

2.9 

6.6 

S-IV  fragmentation  Survey 

Following  the  S-IV  test  a  complete  fragmentation  survey  was  conducted 
of  the  test  area.  This  survey  included  locating,  measuring,  weighing,  and 
describing  each  fragment  from  the  S-IV  vehicle  weighing  over  1  lb.  The 
area  covered  was  from  100  ft  from  ground  zero  to  the  outer  limit  of  the 
fragment  dispersion,  which  was  approximately  900  ft. 

The  procedure  used  for  this  survey  was  to  lay  out  on  the  ground  surface 
a  system  of  16  radial  lines  marked  off  in  100-ft  increments,  thus  divid¬ 
ing  the  area  into  128  easily  defined  areas.  Teams  of  URS  and  AFRPL 
personnel  then  searched  each  of  these  areas,  and  as  each  fragment  was  collected, 
its  approximate  location  within  the  area  was  noted  on  a  map  and  an  identi¬ 
fication  number  written  on  the  fragment.  The  fragments  were  then  loaded 
on  a  truck  for  transportation  to  a  central  point  for  weighing  and  measuring. 

The  data  obtained  from  this  survey  are  presented  in  Volume  2-  These  data 
indicated  that  the  majority  of  the  fragments  were  within  a  radius  of  800 
ft  from  ground  zero,  with  a  few  out  to  1,000  ft. 
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The  planned  failure  condition  for  this  test  was  similar  to  that  used 
for  the  Saturn  S-IV  in  that  a  common  diaphragm  between  the  propellants 
was  to  be  ruptured,  differential  pressure  in  the  two  tanks  would  force 
the  propellants  together,  and  ignition  would  be  Initiated  after  a  known 
delay.  A  photo  of  the  Titan  1  on  the  test  pad  is  presented  in  Fig.  5-57. 
This  missile  normally  contains  approximately  170,000  lb  LO2/RP-I •  The 
test  conditions  planned  for  these  tests  were  to  fill  the  propellant  tanks 
two-thirds  full,  which  would  be  78,600  lb  LO2  and  35,000  lb  RP-1 ,  or  a 
total  propellant  weight  of  113,600  lb. 

In  a  Titan  I  first  stage,  the  two  propellant  tanks  are  separated  by 
some  10  in.  To  allow  the  propellants  to  come  together,  a  tubular  conduit 
with  an  internal  diameter  of  16-1/2  in.  was  installed  between  the  two 
propellant  compartments  and  a  tempered-glass  diaphragm  installed  at  the 
top  of  the  conduit.  This  diaphragm  was  removed  during  the  test  by  an 
explosively  driven  segmented  cutter  ram  similar  to  those  used  in  the 
small-scale  CBM  test  series.  This  16-1/2-in . -diameter  hole  is  equal  to 
approximately  2  percent  of  the  tanks' cross-sectional  area. 

Tes*  Results 

Two  tests  of  the  Titan  I  were  attempted.  The  first  Test  Number  300, 
produced  no  data  because  a  structural  failure  in  the  missile  resulted  in 
ignition  before  instrumentation  was  scheduled  to  be  turned  on. 

In  the  second  tes; ,  Number  301,  propellant  filling  difficulties 
r  .suited  in  the  LO^  tank  being  only  one-half  full  rather  than  the  two- 
thirds  full  originally  planned.  The  failure  mechanism  hardware  appears 
to  have  functioned  properly,  and  pressure  in  the  RP-1  tank  rose  smoothly 
from  ambient  to  about  54  psi  immediately  before  ignition,  which  occurred 
about  842  msec  after  rupture  of  the  diaphragm. 
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The  pc&k  OV6i|rr855Ure  Etlu  p03itiV6~ph&S€~iiupul5e  uat&  for  this  "tsst 
appear  in  Table  5-11.  The  terminal  yield  for  this  test, based  on  the 
estimated  94,000  lb  of  propellants  on  board,  is  4  percent.  A  posttest  photo 
of  this  test  appears  as  Fig.  5-58. 
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Table  5-11 

Peak  Overpressure  and  Positive-Phase -Impulse  Data 
for  Titan  1  LOg/RP-l  Test 


Distance 

Peak 

psi/in.2 

Overpressure 

yield  (%) 

Positive 

psi/msec 

-Phase -Impulse 
yield  (%) 

37 

45 

0.  5 

310 

3.0 

67 

39 

2.5 

218 

3.6 

117 

12 

2.5 

158 

4.3 

200 

5.6 

3.2 

78 

3.0 

333 

2.3 

2.7 

* 

* 

600 

1.1 

3.0 

34.2 

4.6 

Impulse  not  readable  because  of  noise 
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Part  5  -  DISCUSSION  OF  YIELD  AND  IGNITION  TIME  SCALING 

Yield  Scaling 


The  basic  blast  prediction  equations  presented  in  the  previous  sections 
were  initially  developed  using  data  obtained  from  200-lb  weight  scale  and 
from  postulated  scaling  relationships  based  on  available  information  regard¬ 
ing  the  propellant  mixing  and  explosion  phenomena.  Specifically,  the  initially 
postulated  relationship  was  that  the  explosive  yield  (in  percent  of  the  total 
propellant  weight)  would  be  independent  of  the  propellant  quantity  and  that 

the  time  of  ignition  to  obtain  equal  explosive  yields  would  scale  as  the 

1  /3 

cube  root  of  the  propellant  weight.  In  other  words,  Y  =  f  (t/W  ). 

This  relation  is  illustrated  below  for  the  LO^/RP-l  CBM  case  and  with  L/D  = 

5  and  a  k  =  l . 


PROPELLANT 
WEIGHT 
( lb) 

IGNITION 

TIME 

(msec) 

SCALED 

IGNITION 

TIME 

(msec/Yb  ) 

YIELD 

(%) 

YIELD 

(lb  of  TNT) 

200 

193 

33 

10 

20 

1,000 

330 

33 

10 

100 

5,000 

564 

33 

10 

500 

25 , 000 

965 

33 

10 

2,500 

1 25 , 000 

1,650 

33 

10 

12,500 

625,000 

2,820 

53 

10 

62,500 

3,125,000 

4,725 

33 

10 

312,500 

1,000-lb  Scaling  Tests 

The  validity  of  the  postulated  scaling  was  tested  first  using  results 
from  the  1,000-lb  scale  with  the  following  results: 
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LO^/HP-l  CBM.  Comparison  of  the  200-  and  1,000-lb  data  showed  signi¬ 
ficant  differences, which  indicated  a  deviation  from  the  postulated  scaling" 
The  magnitude  of  the  effect  could  not  ta  adequately  evaluated  without  use 
of  the  25,000-lb  data. 

1-0  /LH  CBM.  Comparison  of  the  200-  and  1,000-lb  data  showed  no 

2  2 

significant  differences  and  all  data  were  used  in  deriving  the  prediction 
equation  (see  Fig.  5-37). 

L0-/RP-1  CBGS.  Comparison  of  the  200-  and  1,000-lb  data  showed  no 
significant  differences,  and  all  data  were  used  in  deriving  the  prediction 
equation  (see  Fig.  5-39). 

L0„/LH  CBGS.  Comparison  of  the  200-  and  1,000-lb  data  showed  no 
2  2 

significant  differences  and  all  data  were  used  in  deriving  the  prediction 
equation  (see  Fig.  5-44). 


25,000-  to  100,000-lb  Scaling  Tests 


Further  tests  of  the  validity  of  the  postulated  scaling  were  made  with 
tests  using  propellant  quantities  ranging  from  25,000-  to  100,000-lb  scale 
with  the  following  results: 

LOg/RP -1  CBM.  Since  the  results  from  the  200-  and  1,000-lb  tests 
showed  a  scale  effect  and  were  not  in  themselves  sufficient  to  establish 
its  magnitude,  the  basic  prediction  equation  was  developed  using  all  the 
200-,  1,000-,  and  25,000-lb  data.  The  results  showed  that  the  yield  tended 
to  decrease  with  increasing  weight  but  that  the  rate  of  decrease  also 
tended  to  decrease  with  increasing  weight  so  'hat  the  yield  was  essentially 
independent  of  weight  for  weightc  greater  than  10,000  lb.. 

One  94,000-lb  test  was  run  which  was  considered  consistent  with  this 

postulated  scaling  even  though  the  measured  yield  value  was  below  the  predicted 

★ 

range  as  shown  below: 


A  second  similar  test  was  run  but  the  diaphragm  failed  early  and  no  data 
were  obtained . 
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Measured  Yield  4%  for  94,000  lb,  2%  for  170,000  lb 
Predicted  Yield 


Best  Estimate  6% 


Range 


The  prediction  method  was  based  on  results  with  intertank  openings 
equal  to  20%  of  the  tank  cross-sectional  area  and  thus  would  be  expecteu 
to  be  conservative  (i.e.,  somewhat  high)  for  this  case  because  the  inter¬ 
tank  bulkhead  opening  area  was  only  2%. 


L0  /LH  CBM.  Three  25,000-lb  tests  were  run.  In  all  three  tests 

ignition  occurred  very  early  and  prior  to  the  time  the  LH  could  have 

^  ** 

contacted  the  LQ2,  the  minimum  time  of  interest  for  this  case.  Since 
these  tests  did  not  satisfy  the  basic  criteria  for  this  test  case,  they 
are  not  suitable  for  a  juantita^ve  check  of  scaling.  Their  results,  however, 
which  ranged  from  0.1  to  0.2%  are  not  inconsistent  with  the  predicted  zero 
time  yield  value  of  2.8%  and  range  of  0-10%  since  they  would  be  expected 
to  be  smaller  than  the  predicted  value.  One  91,200-lb  test  was  run  (S-IV) 
which  was  consistent  with  the  postulated  scaling  as  shown  below: 


S-IV  Yield 


Measured  Yield 


Predicted  Yield 


Best  Estimate 


Range 


0-13% 


Bounds  of  80%  two-sided  prediction  interval.  (There  is  an  80%  probability 
that  a  single  test  will  fall  within  these  bounds.) 

It  is  believed  that  in  two  of  the  cases,  the  initial  reaction  was  between 
the  LH2  and  frozen  oxygen  Trapped  in  the  LH  during  the  filling  process. 

In  the  other  case,  the  diaphragm  did  not  break. 
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LO  /RP-1  CEOS.  Two  25,000-lb  test*  were  run,  one  of  which  Ignited 
prior  to  the  second  propellant  reaching  the  ground  surface  (the  minimum  Um 

Ik 

of  interest  for  this  case)  and  thus  was  not  suitable  for  a  quantitative 
scaling  check.  The  results  from  the  other  tost  were  consistent  with  the 
postulated  scaling  as  shown  below: 

Measured  Yield  37% 

Predicted  Yield 

Best  Estimate  36% 

Range  26-46% 

The  early  time  test  was  also  in  qualitative  agreement  with  the 
predicted  value-  For  a  zero  time  of  Ignition,  the  equation  gives  a  yield 
of  about  6.5%  with  a  range  from  0-16.5%.  The  measured  yield  was  2%,  which 
is  in  the  lower  part  of  the  range,  as  would  be  expected  since  it  Ignited 
prior  to  the  defined  zero  time. 

LO  /LH  CBGS.  Three  25,000-lb  tests  were  run,  two  of  which  ignited 
2 _ 2 

prior  to  the  second  propellant  reaching  the  ground  surface  (the  minimum 
time  of  interest  for  this  case)  and  thus  are  not  suitable  for  a  quantitative 
scaling  check.  The  results  from  the  third  test  were  consistent  with  the 
postulated  scaling  as  shown  below: 

Measured  Yield  13% 

Predicted  Yield 

Best  Estimate  22% 

Range  2-42% 

The  two  early  ignition  time  tests  are  also  qualitatively  consistent  with 
the  predicted  value.  Both  tests  gave  4%  yields,  which  compare  with  a  predicted 
value  of  18.1%  and  a  range  from  0-40%. 
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ignition  Time  Scaling 


Because  the  scope  of  Project  PYRO  did  not  include  investigation  of 

ignition  probabilities, the  resulting  data  are  not  considered  suitable  ^ 

fir 

for  quantitative  estimates  of  credible  ignition  time  or  the  manner  in 
which  ignition  times  scale.  This  is  primarily  because  the  results  of  any 
such  analysis  are  more  dependent  on  the  assumptions  involved  in  the  analyses 
than  on  the  data  themselves.  The  inherent  limitations  and  assumptions  in 
using  the  PYRO  results  for  this  purpose  are  discussed  below. 

First  of  all  it  should  be  emphasized  that  the  objective  of  Project  PYRO 
was  to  determine  the  yield  as  a  function  of  time  and  other  controlling 
parameters,  so  that  in  the  experimental  design,  time  of  ignition  was  selected 
to  be  a  controllable  parameter  rather  than  a  random  variable.  In  essentially 
all  cases  (except  for  some  of  the  high-velocity-impact  tests)  a  controlled 
time  ignition  source  was  provided  and  efforts  were  made,  insofar  as  practical, 
to  eliminate  other  possible  ignition  sources.  In  the  majority  of  the  tests 
conducted,  ignition  did  occur  from  the  planned  ignition  source,  and  clearly 
these  data  are  not  very  helpful  in  determining  the  probability  of  ignition. 

The  next  major  limitation  in  using  the  PYRO  results  to  infer  ignition 
probabilities,  particularly  as  a  function  of  scale  (i.e.,  propellant  weight), 
is  that  a  decreasing  number  of  tests  were  conducted  as  the  propellant  quantities 
increased.  The  reason  this  complicates  the  analysis  is  that  when  spurious 
ignitions  were  obtained  on  the  initial  tests  for  a  given  test  mode  and  scale, 
efforts  were  made  to  identify  their  source,  and  changes  were  made  in  the 
experimental  arrangement  to  try  to  minimize  the  spurious  ignitions.  In 
some  cases  these  efforts  were  reasonably  successful,  so  that  the  probability 
of  obtaining  a  spurious  ignition  tended  to  decrease  as  the  number  of  tests 
for  a  particular  testing  mode  and  scale  increased.  This  combination  of  an 
experimental  learning  curve  with  regard  to  controlling  ignition  and  a 
decreasing  number  of  tests  with  increasing  propellant  weight  rather  automati¬ 
cally  leads  to  an  increasing  percent  of  spurious  ignitions  with  increasing 
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weight  due  sole'y  to  the  experimental  procedure  used  and  not  necessarily 
because  of  any  inherent  scale  effect  on  ignition  probability.  Since  the 
spurious  ignitions  generally  occurred  well  before  the  planned  ignition 
time,  this  in  turn  leads  to  lower  average  yields  as  the  weight  scale  increaties. 

Another  limitation  in  using  the  results  from  the  spurious  ignition 
tests  for  inferring  ignition  probability  scaling  (or  yield  scaling)  is  that 
many  of  the  ignitions  occurred  so  early  in  time  that,  the  resulting  failure 
mode  did  not  satisfy  the  basic  criteria  for  the  desired  test  case.  In  tie 
CBM  case,  for  example,  the  earliest  time  of  ignition  considered  of  interest 
was  at  the  moment  when  the  upper  propellant  first,  contacts  the  lower  propellant. 
As  noted  earlier  in  all  three  25,000-lb  LO^/LH^  tests,  ignition  occurred 
well  before  this  time,  so  that  these  tests  could  not  be  included  in  the 
standard  CBM  case.  For  the  CBGS  case,  the  major  time  regime  of  interest 
is  after  all  the  propellants  are  on  the  ground  su'face,  and  the  earliest 
time  of  interest  is  when  the  top  propellant  reaches  the  ground  surface. 

In  a  number  of  the  spurious  ignition  tests,  including  two  of  the  three 
25,000-lb  LO  /LH  tests,  ignition  occurred  prior  to  this  time,  so  that  these 

ft  ft 

tests  cannot  be  considered  as  part  of  the  standard  CBGS  case. 

The  last  major  limitation  in  using  the  PYRO  data  for  inferring  ignition 
probabilities  is  that  the  test  tankage  and  failure  Jdes  used  in  the  experi¬ 
ments  at  the  200-,  1,000-  and  25,000-lb  scales  were  designed  to  create 

i 

certain  generalized  types  of  propellant  interactions  (i.e.,  ways  in  which  the 
propellants  come  together  and  m)x)  that  could  occur  in  failure  of  full-scale 
vehicles,  but  no  attempt  was  made  to  directly  model  actual  full-scale  tankage 
with  regard  to  strength,  detailed  failure  mechanisms,  or  inherent  ignition 
characteristics.  Even  between  the  various  scales  of  testing  in  PYRO,  no 
considerations  were  given  to  duplicating  these  characteristics.  Thus  any 
similarity  between  the  basic  characteristics  which  control  ignition  probabi¬ 
lity  in  full-scale  accidents  and  those  of  PYRO  would  be  fortuitous. 
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Reference  curves  from  these  documents  are  reproduced  in  Appendix  F. 
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Section  6 

THERMAL  ENVIRONMENT 

OBJECTIVES 

The  objective  of  the  thermal  portion  of  the  study  was  to  make  measurements 
which  enable  "reasonable”  bounds  to  be  placed  on,  or  which  substantiate  theor¬ 
etical  predictions  of,  the  heat  transfer  to  objects  in  and  about  the  "fireball"1 
created  by  the  explosion  of  liquid  propellant  mixtures.  Residual  fires  are  not 
included . * 

GENERAL  ORGANIZATION 

The  thermal  hazard  portion  of  the  study  ij  located  in  four  separate  sec¬ 
tions  of  the  report.  The  contents  of  these  sections  are  as  follows; 

•  Section  6  of  Volume  1  commences  with  a  general  discussion  which  de¬ 
scribes  the  fireball  characteristics,  tho  nature  of  the  heat  transfer 
within  the  fireball,  and  the  general  experimental  approach  that  has 
been  taken.  This  is  followed  by  a  brief  summary  of  the  thermal  instru¬ 
mentation,  and  finally  the  results  from  the  25,000-lb  and  Titan  tests 
are  presented. 

•  Appendix  C  of  Volume  1  consists  of  a  detailed  description  of  the  ther¬ 
mal  instruments,  their  mounting  and  location,  and  the  errors  of  the 
associated  measurements. 

•  Section  2  of  Volume  2  contains  the  basic  thermal  data  records.  Data 
are  given  regarding  the, 

(1)  Heat  flux  density  into  slabs  immersed  in  the  fireball  for  the 
25,000-lb  and  Titan  tests 

(2)  Radiant  flux  density  within  the  fireball  for  the  25,000-ib  tests 

(3)  Radiant  flux  density  outside  the  fireball  from  the  25,000-lb  and 
Titan  tests 

(4)  Temperature  of  thermocouple  probes  selected  from  the  25,000-lb 
test  data 


For  thermal  hazards  of  residual  fires  see,  for  example,  Ref.  6-1. 
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Keat  flux  vs  time  at  "large"  propellant  weight  scales  is  then  considered. 

A  recommended  scaling  relationship  for  heat  flux  vs  time  is  given,  along  with 
a  listing  of  the  experimental  evidence  upon  which  the  relationship  is  based. 

The  Titan  I  heat  flux  data  are  then  compared  with  the  L02/RP-1  bounding  heat 
flux-time  curve  that  has  been  scaled,  using  the  recommended  scaling,  to  the 
100, OOO-lb  level. 

Finally,  the  radiant  flux  density  measurements  from  outside  the  fireball 
are  considered.  The  results  of  the  25,000-lb  tests  are  presented  only  in  terms 
oi  summary  data  plots  indicating  the  data  mean  and  range.  A  single  measurement 
from  the  Titan  I  test  is  given. 

Results  of  the  25,000-lb  Tests 

Gas  Temperature  from  the  Photo-Recording  Pyrometer 

A  summary  of  the  pyrometric  gas  temperature  measurements  for  the  25,000- 
lb  tests  is  presented  in  Fig.  6-1  for  both  the  L0^/RP-1  and  the  LC^/L»>  tests. 
(No  equivalent  Titan  data  are  currently  available.)  The  plots  include  a  curve 
of  the  mean  temperature  and  an  indication  of  the  highest  and  lowest  measured 
temperature,  where  the  plotted  values  are  time  averages  over,  in  most  cases, 
100-  and  200-msec  time  intervals  for  the  L0^/RP-1  and  LOjj/L!^  tests,  respec¬ 
tively.  Ihe  number  of  data  curves  from  which  the  summary  plots  are  constructed 
changes  with  time  because  the  fireballs  have  a  range  of  durations,  and  this 
number  is  indicated  just  beneath  the  plot.  It  should  be  remarked  also  that  the 
temperature  range  of  the  pyrometer  for  these  tests  was  such  that  temperatures 
below  about  1900°K  could  not  be  measured.  For  two  tests  (Tests  279  and  282), 
the  temperature  during  the  fireball  duration  fell  temporarily  to  levels  at  or 
somewhat  below  1900°K,  and  for  this  time  and  these  two  tests,  a  value  of  1900°K 
was  used  in  obtaining  the  temperature  average  over  the  tests. 

A  most  evident  feature  of  the  gas  temperature  values  is  their  consistency 
from  test  to  test.  The  variation  appears  to  be  somewhat  larger  for  LO2/LH2 
than  for  LO^/RP-l  with  —  for  instance  —  the  greatest  deviation  of  a  single 
measurement  from  the  mean  of  the  measurements  being  about  300°K.  There  is  a 


8-12 


URS  «.S2-V 


ATRJT.-TK-<>e-9.: 


•  Section  6  of  VdIum  3  oodjiiu  of  ■  iiann  of  the  brat  flux  dtntlt; 

— tlae  vs  propellant  weight  prediction. 

It  should  be  acknowledged  thst  certain  of  the  theraal  Be«BuFr~ierite  srsrs 
planned  and  conducted,  and  the  data  reduced,  by  the  Sand la  Corporation,  and 
the  Sand la  Instruments  are  designated  as  such  In  the  description  of  instruments 
in  Appendix  C  of  Volume  1 . 

PREFATORY  REMARKS 

The  expressions  "heat  flux  density,  "  "total  heat  flux  density, "  "heat 
flux,"  and  "flux  density"  are  used  interchangeably  and  represent  the  energy  per 
unit  area  per  unit  time  transported  through  a  material  surface  due  to  both  the 
radiant  and  convective  modes  of  heat  transfer.  Similarly,  the  expressions  "ra¬ 
diant  flux  density”  and  "radiant  flux"  represent  the  energy  in  radiant  form  per 
unit  area  per  unit  time. 

GENERAL  DISCUSSION 

Characteristics  of  the  Fireball 

The  size,  duration  and  gross  motion  of  the  propellant  fireball  depends  on 
the  total  quantity  of  propellants.  During  its  growth  and  the  early  stages 
thereafter,  the  fireball  from  a  propellant  mixture  on  or  near  the  ground  sur¬ 
face  is  more  or  less  hemispherical,  reaching  a  maximum  diameter  that  is  approx¬ 
imately  proportional  to  the  cube  root  of  the  propellant  weight.  More  specifi¬ 
cally,  an  empirically  derived  expression  relating  the  maximum  diameter  D  in 

$ 

feet  to  the  total  propellant  weight  W  in  pounds  is  given  by 

D  =  9 , 56  0  ■ 9  a  8  (6.1) 

*  Equation  (6.1)  along  with  Eq.  (6.2)  below,  have  been  extracted  from  Ref.  6-2. 
The  equations  were  obtained  through  the  statistical  analysis  of  data  from 
either  the  literature  or  by  reduction  of  photographic  records  from  a  total 
of  71  tests  or  incidents  with  the  propellant  combinations  of  LOz/RP-l  or 
LOa/LHg  and  which  ranged  in  propellant  weight  from  10  to  250,000-lb. 
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notably  short  duration  for  the  LO2/ RP-1  compared  with  both  thu  LOg/LHg  gas 
temperature  duration  and,  more  importantly,  with  the  measured  LOg/RP-l  heat 
flux  durations  that  will  be  considered  below.  Substantial  temperatures  appear 
to  have  persisted  within  the  fireball  for  significantly  longer  periods  than 
could  be  measured  by  the  remote  temperature  Instruments,  evidently  due  to  ob¬ 
scuration  by  "cooler"  gases  and/or  particulate  matter  along  the  surface  of  the 
fireball . 

A  feature  of  the  temperature  data  that  does  not  appear  in  Fig.  6-1  is  the 
frequent  occurence  of  a  comparatively  high  but  abruptly  decreasing  temperature 
in  the  initial  stage  of  fireball  expansion;  these  temperature  "pulses"  are  not 
resolved  in  Fig.  6-1  since  their  duration  is  generally  a  small  fraction  of  the 
100-  and  200-wsec  time  intervals  of  Fig.  6-1.  A  listing  of  the  highest  magni¬ 
tude  and  the  duration  of  the  pulses  is  given  in  Table  6-2,  where  the  duration 
is  defined  as  the  time  from  ignition  for  the  temperature  to  decay  to  (and  re¬ 
main  below)  2450°K;  a  radiant  flux  density  of  200  watt/cm2  corresponds  to  a 
temperature  of  2450°K  for  an  emissivity  of  one.  Also  included  in  the  table  are 
maximum  values  of  the  radiant  flux  density  during  this  time  for  an  emissivity 
of  1. 


While  comparatively  large  temperatures  or  corresponding  magnitudes  of  heat 
flux  frequently  occur,  the  damaging  response  of  most  structures  or  oojects  to 
these  pulses  is  small  compared  with  the  response  from  the  remaining  or  subse¬ 
quent  heat  transfer. 

An  indication  of  the  spatial  variation  of  gas  temperature  over  the  fire¬ 
ball  is  given  in  Fig.  6-2,  where  the  temperature  over  three  separate  regions 
of  the  fireball  from  Test  283  is  given.  A  crude  indication  of  the  size  of  each 
region  of  measurement  relative  to  the  fireball  dimensions  and  the  location  of 
each  region  is  given  in  the  upper  right  hand  corner  of  the  figure. 

It  can  be  seen  that  spatial  differences  of  the  temperature  at  given  times 
are  commonly  of  the  order  of  200°K,  and  it  should  be  remarked  that  comparative 
examination  of  film  coverage  of  the  various  25,000-lb  tests  suggests  that  the 
fireball  from  Test  288  was  relatively  uniform.  Temperature  variations  of  this 
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where  the  citlMtrl  standard  error  of  tlw  dlusUr  is  30  ptrtmt  Dm  ,  diam¬ 
eters,  for  instance,  for  1,000  and  1,000,000  lb  are  about  93  and  930  f. ,  re¬ 
spectively  .  It  is  sspliul.Hu,  however,  that  Eq.  (6.1)  does  not  always  indicate 
maximum  fireball  dimensions,  in  part  because  it  was  derived  on  the  basis  that 
"in  those  instances  where  the  fireballs  were  markedly  asymmetrical,  attempts 
were  made  to  estimate  equivalent  spherical  diameters."*  Moreover,  in  the  tests 
from  which  Eq.  (6.1)  was  obtained,  there  was  a  tendency  for  the  spatial  disper¬ 
sal  of  propellants  prior  to  their  ignition  to  be  less  extensive  than  can  prac¬ 
tically  occur,  and  comparatively  extensive  dispersal  can  lead  to  corresponding¬ 
ly  large  maximum  dimensions;  larger  fireballs  would  tend  to  result  from  pro¬ 
pellant  spills,  for  instance,  if  the  propellants  spread  sufficiently  along  the 
ground  surface  prior  to  their  ignition.  The  Titan  test  (involving  about  100,000 
lb  of  L02/RP-1 )  provides  an  illustration,  first,  of  the  departure  of  the  maxi¬ 
mum  dimensions  that  can  occur  from  the  diameter  given  by  Eq.  (6.1),  and  second, 
of  still  another  mechanism  of  propellant  dispersal.  In  this  test,  a  fraction 
of  the  propellants  was  intentionally  allowed  to  mix  and  subsequently  ignite 
while  within  the  confines  of  the  missile  tankage.  However,  the  forces  of  the 
explosion  evidently  caused  part  of  the  remaining  unmixed  propellants  to  be  dis¬ 
placed  in  such  a  manner  that  they  did  not  mix  and  react  until  they  had  been 
substantially  displaced  laterally  from  the  center  of  explosion.  Hie  maximum 
dimension  of  the  resultant  fireball  was  estimated  to  be  from  300  to  1000  ft, 
while  the  diameter  as  given  by  Eq.  (6.1)  is  approximately  400  ft. 

Fireball  durations,  i.e.,  the  period  over  which  visible  radiation  exists, 
also  increase  approximately  with  the  cube  root  of  propellant  weight  as  given 
by 


T  =  0.196  W°  <349  (6 .2) 

where  the  duration,  r,  is  in  seconds  for  a  weight  in  pounds,  with  a  standard 
error  of  84  percent;  1,000-  and  1,000,000-lb  durations  are  2.2  and  24  sec, 


*  Ref.  6-2. 
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Table  6-2 

FIREBALL  TEMPERATURE  DURING  INITIAL  STAGE 
OF  FIREBALL  EXPANSION  FROM  PHOTO- RECORD  PYROMETER 


PROPELLANT 

TYPE 


LOj/RP-1 


LO./LH, 


TEST 

NO. 

TIME  FOR 
TEMPERATURE 

TO  DECREASE 

TO  2450°K 
(msec) 

MAXIMUM 

TEMPERATURE 

(°K) 

MAXIMUM 
RADIANT  FLUX 
FOR  AN 
EMISSIVm 

OF  1 

(watts/cm2) 

275 

30 

>2650 

>270 

278 

25 

>2500 

>210 

282 

IS 

>2600 

>250 

284 

10 

2560 

235 

285 

10 

2860 

360 

277 

0 

2380 

175 

279 

0 

2320 

160 

281 

0 

2250 

140 

28G 

25 

2900 

285 

t*X  (4*  a> 


mftctml;  R>r  Isrgs  propellant  quantities,  the  duration  is  suffi¬ 

cient  for  the  flrabail  tc  rise  to  heights  of  the  order  of  a  fee  fireball  disa¬ 
sters,  the  rise  occurring  elth  accompanying  modifications  of  the  shape  of  the 
fireball,  first  to  that  resembling  a  sphere,  and  finally  approaching,  should 
it  continue  to  persist,  the  characteristic  toroidal  geometry.  Vertical  motion 
Is,  for  practical  purposes,  generally  nonexistent  at  the  1,000-lb  (or  less) 
level,  while  significant  heights  are  generally  attained  with  quantities  of 
25,000  lb  or  more.  A  significant  rise  is  accompanied  also  by  the  formation 
of  a  vertical  and  temporarily  rising  column,  generally  referred  to  as  the  stem, 
which  extends  from  the  lower  region  of  the  fireball  to  the  ground  surface. 

While  this  column  may  become  heated  due  to  its  proximity  to  the  fireball,  it 
essentially  does  not  consist  of  the  products  of  explosion,  but  rather  of  gases 
and  particulate  matter  that  have  been  swept  from  regions  lateral  to  the  initial 
fireball . 

Velocities  that  accompany  fireball  growth  are  at  first  supersonic  but 
rapidly  decay  to  subsonic  levels.  From  film  coverage  of  25,000-lb  tests,  radial 
expansions  of  60  ft  (about  one-half  maximum  dimension)  typically  occur  in  about 
50  msec,  giving  an  average  velocity  during  that  time  of  1200  ft/sec.  While  the 
growth  velocities  thereafter  rapidly  subside,  randomly  directed  local  motion 
persists  throughout  the  duration  of  the  fireball. 

Temperatures  that  prevail  in  the  fireball  are  typically  of  the  order  of 
2,500°K  (~  4,000^),  with  spatial  variations  tending  to  occur  particularly  after 
the  period  of  fireball  growth.  Unlike  explosions  of  high  explosives  or  "well- 
mixed"  propellants,  there  is  evidence  suggesting  that  the  process  of  fuel-oxi¬ 
dizer  mixing  and  subsequent  chemical  reaction  continues  during  and  perhaps  some¬ 
what  after  fireball  growth.  Since  the  rat, a  of  chemical  reaction  in,  and  the 
consequent  energy  emitted  from,  an  elemental  region  depends  on  the  quantities 
of  fuels  and  oxidants  in  the  region  that  are  in  sufficient  proximity  to  interact, 
and  since  the  spatial  distribution  of  these  potential  reactants  can  easily  be 
nonuniform,  there  is  no  guarantee  of  thermodynamic  equilibrium;  and  radiation 
from  any  such  region  is  therefore  not  necessarily  governed  by  the  Planck  radia¬ 
tion  laws.  With  time,  of  course,  uniformity  throughout  any  given  elemental 
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magnitude  result  in  comparatively  large  spatial  variations  in  heat  flux,  par¬ 
ticularly  since  the  radiant  flux  varies  with  the  fourth  power  of  the  tempera¬ 
ture.  For  an  emissivlty  of  1,  the  radiant  flux  computed  from  vhe  temperatures 
of  about  2320  and  2520°K  at  0.5  sec  in  Fig.  6-2,  for  example,  are  160  and  220 
watt/ cm8,  respectively.  Similarly,  temperatures  of  2090°  and  2320C“K  at  1.3 
sec  correspond  to  flux  densities  of  103  and  160  watt/ cm4.  In  addition  to  spa¬ 
tial  variations  in  heat  flux  of  this  magnitude,  temporal  variations  (at  a  sta¬ 
tionary  point)  of  the  same  magnitude  can  be  expected  to  occur  in  small  frac¬ 
tions  of  a  second,  as  evidenced,  first,  by  the  abrupt  temperature  changes  in 
Fig.  6-2,  and  more  vividly  through  high-speed  film  coverage  of  the  apparent 
motion  of  high-  or  low- temperature  regions  a-cut  the  fireball. 
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Fig.  6-2.  Spatial  Variation  in  Gas  Temperature  for  Test  288 
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Heat  Transfer  within  the  fireball 

The  transfer  of  energy  to  Material  surfaces  inters ed  in  and  moving  rela¬ 
tive  to  a  "high- temperature"  gas  is  effected  through  some  combination  of  the 
mechanisms  of  radiation  and  forced  convoctlon.  An  object  whose  surface  is  ev¬ 
erywhere  convex  or  planar  will  be  uniformly  irradiated,  provided  the  mean  free 
photon  distance,  the  mean  distance  that  a  photon  travels  through  the  fireball 
before  being  absorbed,  is  significantly  less  than  the  distance  to  either  the 
edge  of  the  fireball  or  some  other  object  that  can  obstruct  its  irradiance. 

With  the  quantities  of  carbon  that  are  present  In  the  L02/RP-1  fireballs,  this 
mean  distance  is  evidently  small  compared  with  the  dimensions  of  the  fireball, 
so  that  for  ost  circumstances  there  would  be  uniform  irradiance.  This  Is  less 
clear  for  fireballs  from  the  propellant  combination 

For  the  L02/RP-1  propellant  combination,  particular  carbon  is  present  in 
sufficient  quantities  to  suggest  that  the  emlssivity  of  a  layer  of  the  fireball 
would  approach  that  of  carbon  for  a  thickness  that  is  small  compared  with  the 
fireball  diameter.  If  this  is  assumed,  along  with  a  gas  temperature  of  2,500°K, 
a  radiant  flux  density  of  about  215  watts/cm2  (190  Btu/ft2-sec)  is  obtained. 

Convective  transfer  from  ordinary  gases  at  these  temperatures  tends  to  be 
small  compared  to  the  radiant  transfer  mentioned  above  except  as  flow  velocities 
approach  supersonic  levels.  As  noted  previously,  the  velocities  that  accompany 
the  fireball  growth  commence  at  supersonic  levels,  but  the  growth  approaches 
completion  within  tens  or  hundreds  of  milliseconds.  Consequently,  while 
convective  transfer  rates  can  be  comparable  to  expected  radiative  rates  during 
this  time,  the  short  duration  renders  their  contribution  negligible  compared 
with  the  total  transfer.  However,  high-speed  motion  does  not  cease  with  the 
completion  of  growth.  Local  and  randomly  directed  "swirling"  motion  continues 
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Heat  Flux  Density 

All  heat  flux  density  data  from  the  25,000-lb  tests  are  presented  In  Figs. 
2-1  through  2-28  of  Section  2 ,  Vol .  2 .  Included  In  the  present  section  are 
discussions  of  the  results  and  comparisons  of  the  da ia  with  other  data.  More 
importantly,  however,  it  is  desirable  to  use  the  heat  flux  density  data  to  ob¬ 
tain  a  "conservative  yet  realistic"  bound  to  the  heat  flux  that  a  structure  or 
object  immersed  in  tne  fireball  can  receive,  and  this  section  commences  with 
the  presentation  and  discussion  of  this  upper  bound. 

Two  complications  occur  in  acquiring  the  upper  bound.  First,  the  flux 
instruments  are  not  continuously  in  t.he  most  severe  region  of  the  fireball, 
and  second,  because  the  test  design  was  based  on  blast  rather  than  thermal 
considerations,  there  are  some  difficulties  with  regard  to  identifying  thermal 
test  conditions. 

Regarding  the  first  complication,  the  fireball  parameters  of  potential 
importance  to  heat  transfer,  such  as  the  gas  temperature,  are  not  generally 
uniform  throughout  the  fireball.  This  is  particularly  evident  from  film  cov¬ 
erage  of  the  tests,  and  was  illustrated  for  gas  temperature  specifically  in 
Fig.  6-2.  It  would  be  expected,  therefore,  that  a  direct  flux  density  measure¬ 
ment  from  a  stationary  instrument  would  approach  or  attain  the  maximum  possible 
value  only  occasionally,  that  is,  for  some  times  for  some  tests.  It  is  an  ob¬ 
served  characteristic  of  the  measured  flux  density=time  curves  to  exhibit 
periodic  "surges"  or  maxima,  evidently  reflecting  the  variations  in  the  gas 
parameters  as  the  gas  flows  past  the  instrument,  and  statistically,  some  of 
these  maxima  will  be,  or  will  approach,  the  highest  value  possible  at  that 
time  for  the  fireball  in  question.  Provided  there  is  a  sufficiently  large 
number  of  measurements  per  test  and  a  sufficiently  large  group  of  tests  having 
identical  test  conditions,  the  upper  bound  to  the  heat  flux  density  for  this 
set  of  test  conditions  will  be  revealed  by  superimposing  the  flux  density  pul¬ 
ses  having  the  higher  maxima  on  a  single  flux  density— time  graph;  or  more 
specifically,  a  smooth  curve  fitted  to  the  highest  maxima  of  this  graph  will 
represent  an  upper  bound.  This  approach  of  estimating  an  upper  bound,  or  a 
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tktvUfteMt  duratlA|«  of  tht  fireball,  with  velocities,  •>  photograph  Ice  lly 
Indicated,  typical lj  ranging  free  100  to  400  ft/sec.  An  iawrsed  object,  there¬ 
fore,  will  tend  to  receive  "surges"  of  convwciivwly  transferred  energy  st  lev¬ 
els  thet  are  not  negligible  conpered  with  rad is n  transfer,  and  the  object  nay 
experience  several  auch  surges  froa  ears  or  less  randoe  directions.  It  Is 
again  eephaalaed  that  this  discussion  partainc  to  ordinary  gases. 

There  Is  a  difference  of  potential  importance  between  a  gas  and  the  so- 
called  fireball  "gas"  in  that  the  fireball  contains  particulate  matter,  a  fact 
which  can  greatly  affect  energy  transfer.  To  illustrate  the  possible  extent  of 
the  effect,  consider  a  flow  of  high- temperature  gas  within  which  are  particles 
that  have  the  same  temperature  and  velocity  as  the  gas.  On  approaching  an  ob¬ 
ject,  the  comparatively  large  momentum  of  the  particles  will  tend  to  permit 
their  impingement  on  the  object,  and  during  the  time  of  contact,  energy  will  be 
conducted  from  the  particles  to  the  object.  As  an  example,  a  5 00- pi  carbon  par¬ 
ticle  at  2,500°K  has  about  3  Joules  of  internal  energy  that  can  be  transferred 
to  a  room- temperature  heat  sink,  and  if  the  particle  is  assumed  to  temporarily 
deform  on  Impact  in  such  a  way  that  a  circular  area  of  diameter  equal  to  the 
particle  is  in  contact  for  0.01  sec,  approximately  1  Joule  of  energy  will  be 
transferred  from  the  particle.  The  continual  bombardment  from  the  flow  of  a 
concentration  of  particles  will,  of  course,  result  in  a  heat  flux  to  the  object, 
as  Illustrated  in  Table  6-1,  where  the  heat  flux  density  associated  with  ranges 
of  particle  size,  particle  concentration,  and  duration  of  contact  are  considered 
for  a  velocity  of  200  ft/ sec. 


Table  6-1 

ESTIMATES  OF  HEAT  FLUX  DENSITY  (in  watts/ cm2)  BY  PARTICLE  IMPINGEMENT 


DIAMETER  (ji)  | 

50 

250 

CONCENTRATION 

CONCENTRATION 

(partlcles/cm* ) 

(particles/cm3 ) 

►-> 

o 

1 

1 

10- 1 

1 

IXiratlon 

0.1 

0.01 

1.2 

0.5 

50 

of  Contact 

<»s) 

10 

0.01 

1.5 

1.6 

180 
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bounding  curve,  has  been  applied,  and  the  results  obtained  from  it,  along  with 
indications  of  the  limitations  associated  with  the  approach,  are  presented  be¬ 
low. 


With  this  approach,  it  is  essential  that  the  data  that  are  combined  to  ob¬ 
tain  an  upper  bound  are  from  tests  which  have  identical  test  conditions.  The 
discussion  in  the  following  paragraphs  serves  primarily  to  indicate  how  close¬ 
ly  we  are  able  to  comply  with  this  requirement.  It  will  be  seen  that  a  prac¬ 
tical  choice  of  separating  the  tests  into  thermal  test  condition  categories  is 
made  without  complete  technical  justification  for  the  choice.  The  discussion 
commences  with  a  brief  description  of  test  conditions. 

there  were  variations  of  the  propellant  tes*  tankage,  propellant  ignition 
time,  etc.,  which  were  introduced  to  determine  their  effect  on  blast  wave 
hazards,  and  these  will  be  referred  to  as  blast  wave  test  conditions.  These 
conditions  may  or  may  not  influence  the  thermal  hazard,  and  thus,  may  or  may 
not  constitute  a  thermal  test  condition.  There  were  three  blast  wave  test,  con¬ 
ditions  for  the  25,000-lb  tests.  The  first  is  the  propellant  type,  and  is 
specified  by  indicating  either  the  LOg/RP-l  or  the  IX^/LHg  combination.  A 
second  condition,  which  we  will  refer  to  as  the  propellant  configuration,  sep¬ 
arates  the  tests  on  the  basis  of  whether  they  were  of  the  so-called  conflne- 
ment-by-the-mlssile  condition  (OBM)  or  the  confinement-by-the-ground-surface 
condition  (CBGS).  For  the  CBM  condition,  the  propellants  were  permitted  to 
mix  within  the  propellant  tankage  by  the  abrupt  creation  of  an  opening  in  the 
diaphragm  that  originally  separated  the  two  propellants.  For  the  CBGS  condi¬ 
tion,  the  propellants  were  permitted  to  spill  from  the  tankage  and  to  spread 
(and  mix)  along  the  ground  surface.  For  each  of  the  several  tests  conducted 
for  each  of  these  conditions  the  propellants  were  permitted  to  mix  for  varying 
lengths  of  time  prior  to  their  ignition,  and  "ignition  time"  constitutes  a 
third  condition.  In  order  to  describe  a  test,  then,  it  is  necessary  to  speci¬ 
fy  the  propellant  type,  propellant  configuration,  and  the  ignition  time.  The 
blast  wave  test  conditions  for  each  25,000-lb  test  (for  which  there  are  heat 
flux  data)  are  indicated  in  Table  6-3  for  reference  in  the  discussion  to 
follow. 
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Ibllc  It  li  difficult  to  obts.  clearly  nallitlc  iMMptloM,  the  mvlU 
of  Thble  6-1  suggest  that  energy  transfer  by  article  baotardaint  can  not  eas¬ 
ily  be  ignored.  At  tw  outset,  tl»  assumption  that  the  contact  of  ell  of  the 
impinging  particles  is  temporary  aav  be  unrealistic,  since  the  explosions  are 
accoepanled  by  a  permanent  deposition  of  particles,  a  case  in  which  e  greater 
fraction  of  the  lnte-nal  energy  of  a  particle  will  be  conducted  to  the  object. 

It  thus  becomes  Important  whether  some  permanent  particle  adherence  occurs  dur¬ 
ing  the  heating  pulse  or  whether  the  deposition  is  confined  to  a  later  settling 
of  cooled  particles. 

Experimental  Approach 

A  completely  general  experimental  approach  would  require  measurement  of  all 
properties  and  variables  of  the  fireball  which  are  necessary  to  evaluate  heat 
transfer  to  any  object,  and  while  ideal,  it  is  prohibitive,  aside  from  the  dif¬ 
ficulty  of  evaluation,  in  terms  of  the  required  instrumentation.  Diminishing 
the  scope  of  this  approach  by  measuring  only  the  most  essential  or  dominant 
variables,  such  as  the  gas  temperature,  Introduces  an  uncertainty  in  evaluating 
the  heat  flux  density,  of  course,  since  assumptions  about  the  fireball  are  re¬ 
quired;  a  case  in  point  is  that  of  the  effect  of  heat  transfer  through  particle 
impingement  mentioned  above,  a  case  which  is  difficult  to  evaluate  realistically. 
However,  an  approximate  gas  temperature,  a  most  critical  variable,  can  be  meas¬ 
ured  remotely,  which  permits  selecting  the  fireball  region  to  be  measured,  and 
thus  enables  a  measurement  of  the  highest  apparent  temperature  region  of  the 
fireball.  This  is  important  because  an  upper  bound  of  the  heat  flux  density  is 
sought.  Indeed,  remote  gas  temperature  measurements  of  this  kind  have  been 
made  throughout  the  program  by  the  Sandia  Corporation,  using  a  photographic  re¬ 
cording  pyrometer. 

A  less  general  though  more  direct  approach  is  that  oi  simply  measuring  the 
heat  flux  into  various  immersed  objects,  the  distinct  advantage  being  that  no 
assumptions  regarding  the  fireball  are  required.  The  most  serious  disadvantage 
of  measurements  of  this  sort  within  the  fireball  is  that  the  Instrument  is  not 
always  in  the  most  severe  environment,  the  environment  of  primary  interest. 
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■table  6-3 

BLAST  WAVE  TEST  CONDITIONS  FOR  THE  25, 000- LB  TESTS 


TEST 

PROPELLANT 

PROPELLANT 

IGNITION 

TIME 

(sec) 

NUMBER 

TYPE 

CONFIGURATION 

275 

CBM 

0.51 

278 

lo2/Rp-i 

0.53 

284 

285 

CBGS 

0.00 

0.46 

279 

CBM 

0.03 

288 

289 

LOyLH2 

CBGS 

0.36 

0.17 

290 

0.11 

Since  the  approach  used  to  construct  the  bounding  curves  requires  a  num¬ 
ber  of  individual  flux-time  curves  for  each  test  condition,  it  is  desirable  to 
combine  all  tests  whose  blast  wave  test  conditions  do  not  differ  in  ways  that 
are  of  importance  to  heat  transfer.  To  the  extent  that  it  is  practical  then, 

Iwe  will  con1  i.der  the  effect  of  blast  wave  test  conditions  on  the  heat  flux  den¬ 
sity  and  on  the  heating  duration.  Commencing  with  the  effect  on  heat  flux, 

I  the  photo- recording  pyrometer  measurements  were  first  considered,  and  it  was 

found  that  the  gas  temperature  in  the  fireball  region  where  the  temperature  was 
maximum  does  not,  for  practical  purposes,  depend  on  blast  wave  test  conditions 
other  than  propellant  type.  (The  consistency  of  gas  temperature  for  all  condi¬ 
tions  for  a  given  propellant  was  indicated  in  Fig.  6-1.)  Gas  temperature, 
moreover,  Is  expected  to  be  the  most  critical  parameter;  that  is,  it  will  have 
the  greatest  influence  on  the  magnitude  of  the  heut  flux. 

The  test  conditions  of  propellant  configuration  and  ignition  time  can  af¬ 
fect  the  flow  velocity  (and  pattern)  and  so,  in  turn,  can  affect  the  heat  flux. 
For  "ordinary"  gases,  however,  estimates  of  the  flux  contribution  from  convec- 
f  t.lve  heat  transfer  at  the  most  extreme  flow  velocities  (except  during  the 
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early  fireball  growth  stages)  are  snail  compared  to  the  radiant  transfer.  The 
possible  presence  of  particulate  natter  in  the  axploslve  products  of  the 
LO^/KP-l  teats,  nowover,  makes  it  mandatory  that  test  conditions  influencing 
flow  velocity  be  considered  as  a  possible  thermal  test  condition.  Since  par¬ 
ticulate  matter  la  present,  any  condition  which  affects  either  the  flow  veloc¬ 
ity  or  particle  concentration  may  constitute  a  thermal  test  condition.  The 
only  practical  means  of  attempting  to  establish  the  dependence  or  independence 
of  the  heat  flux  on  particulate  concentration  is  through  analysis  of  the  heat 
flux  density  data  themselves.  Ibe  assortment  of  test  conditions  that  existed 
for  the  25, OOO-lb  tests,  as  indicated  in  Table  6-3,  is  not  readily  amenable  to 
analysis,  and  we  resort  to  the  following  method.  We  first  compared  the  mean 
value  of  the  time  average  of  each  flux  trace  from  Test  285  with  the  correspond¬ 
ing  mean  of  the  combined  test  data  from  Ifeata  275  and  278,  where  the  teat  con¬ 
ditions  of  these  two  test  groups  differ  only  in  propellant  configuration.  It 
was  concluded  that  there  is  no  reason  to  believe  that  the  two  mean  values  are 
different.  That  is,  there  is  no  reason  to  believe  the  flux  depends  on  propel¬ 
lant  configuration,  and  the  probability  that  this  analysis  has  failed  to  reveal 
a  difference  that  really  exists  Is  about  0.01.  Next,  with  the  assumption  that 
this  conclusion  also  applies  to  the  LOg/LHg  propellant  combination,  the  analy¬ 
sis  of  the  flux  data  from  several  tests  may  be  used  to  determine  the  effect  of 
propellant  type  on  the  time  average  of  the  flux.  Specifically,  the  mean  of  the 
time  average  of  each  flux  trace  from  Tbsvs  275,  278  and  285  was  compared  with 
the  corresponding  mean  from  Ttosts  288  and  289,  and  it  is  concluded  that  tbe 
flux  does  not  depend  on  prcpellant  type,  and  the  probability  that  this  part  of 
the  analysis  has  failed  to  reveal  an  exiting  difference  is  about  0.30.  Since 
the  ignition  time  for  Test  289  is  substantially  less  than  that  of  the  other 
four  tests,  as  can  be  seen  in  Table  6-3.  the  analysis  was  also  performed  with 
the  data  from  Test  289  excluded,  and  the  conclusion  wan  the  samo.  If  there  is 
no  significant  effect  of  propellant  type  on  heat  flux,  as  the  analysis  suggests, 
the  presence  of  particulate  matter  evidently  has  no  pronounced  effect;  the  flow 
velocity,  then,  should  not  have  a  pronounced  effect;  and  finally,  there  should 
bn  no  pronounced  effect  of  either  propellant  configuration  (which  was  already 
concluded  from  the  crude  data  analysis  above)  or  Ignition  time,  Jtegsrdlng 
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ItMi,  t  statistical  of  SM«ur«MBU  Must  bs  obtained ,  and  aw viral  di¬ 

rect  BMiuitMati  of  Imt  flux  dsulty  stra  aidt  par  twst  at  locations  distrl- 
butad  throughout  ths  fireball. 

Two  additional  typos  of  measurements  wars  stdt  that  partaln  to  nsst  trans- 
far  within  tba  flraball.  In  particular,  tba  radiant  flux  danslty  and  tha 
thanaocoupla  probo  aaasuramnt ,  although  there  is  a  tendency  to  regard  them  as 
secondary  measurements  with  respect  to  the  tao  measurements  mentioned  above,  in 
part  because  of  certain  experimental  uncertainties  associated  with  theae  meas¬ 
urements.  The  associated  Inaccuracies  do  not  necessarily  exist;  rather,  it  is 
difficult  without  further,  and  perhaps  unwarranted,  effort  to  firmly  establish 
that  they  are  negligible  or  to  determine  a  suitable  correction.  The  problems 
are  discussed  in  the  instrument  and  error  analysis  sections,  although,  in  num¬ 
mary,  it  can  be  said  that  for  most  circumstances,  the  radiant  flux  density 
errors  are  not  expected  to  be  "excessive"  nor  are  those  of  the  thermocouple 
probe,  except  as  they  approach  their  melting  temperature. 

These  two  measurements  are  also  considered  secondary  in  that  they  cannot 
satisfactorily  accomplish  by  themselves  the  primary  objectives  of  the  thermal 
program;  rather,  they  tend  to  support  (or  depreciate)  the  heat  flux  density  and 
pyrometric  gas  temperature  measurements  discussed  above.  It  should  be  recog¬ 
nized,  however,  that  supporting  measurements  are  relatively  important  in  light 
of  the  ease  with  which  a  substantial  error  can  occur  with  any  one  type  of 
measurement. 

In  summary,  the  experimental  approach  intended  to  accomplish  the  more  im¬ 
portant  objective  of  determining  a  bound  to  the  heat  flux  density  within  the  fire¬ 
ball  consists  of  a  combination  of  the  general  and  the  direct  approach,  supple¬ 
mented  by  supporting  measurements. 

SUMMARY  OF  THERMAL  INSTRl  jsNTATION 

This  summary  of  instrumentation  permits  comprehensive  reading  of  the  presen¬ 
tation  of  results  without  requiring  reference  to  the  detailed  description  given 
in  Appendix  C  of  this  volume. 
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Ttaw  bee i  flux  dtMltj  la  maurmt  war  *.tw  aurfaca  of  nriotu  slab*  lota- 
tad  within  tha  flraball.  Tha  dimensions  of  tha  alaba  ara  of  tha  ordar  of  1.5 
inchaa  In  thlcknasa  (normal  to  thalr  exposed  aurfaca)  and  range  from  1  to  3 
lnchaa  laterally;  over  tha  heating  duration,  however,  the  alaba  ara  thermally 
repreaentatlve  of  semi-inf lnlte  alaba,  that  la,  they  affectively  occupy  half 
of  t pace .  The  heat  flux  denalty  is  evaluated  by  measuring  the  temperature  with 
time  Just  beneath  the  exposed  surface  of  the  slab  and  applying  this  tempera¬ 
ture  data  to  the  computation  of  the  heat  flux  density  through  the  following  re¬ 
lation  (or  Its  equivalent); 


t  aTs(T) 

q(t)  =  K'  ( - --T.  -■  dT  (6.3) 

J  |/t  -  T 

O 

where  q  is  the  heat  flux  density;  K'  -  (Kpc/x)1/3;  K,  p,  and  c  ara  the  conduc¬ 
tivity,  density,  and  specific  heat,  respectively,  of  the  slabs;  is  the  slab 
surface  temperature;  and  t  Is  time.  The  slab  temperature  is  measured  by  means 
of  a  thermocouple  Junction  embedded  Just  beneath  the  slab  surface. 

Radiant  flux  density  is  measured  with  a  '‘Gordon"  type  radiometer.  The 
energy-sensitive  element  of  the  radiometer  consists  of  a  circular  metallic  foil 
whose  circumferential  edge  is  Joined  to  a  heat  sink.  Irradlance  of  the  foil 
induces  a  temperature  differential  between  the  center  and  edge  of  the  foil  that 
is  proportional  to  the  incident  radiant  flux  density.  The  temperature  differ¬ 
ential  is  measured  with  a  differential  thermocouple  whose  output,  then,  is  a 
measure  of  radiant  flux  density. 

Heat  flux  density  measurements  were  obtained  at  instrument  stations  H,  S, 

and  P,  two  each  at  stations  H  and  S  and  five  at  station  P,  and  up  to  four  radiant 

flux  density  measurements  were  obtained  at  station  H.  Station  H  is  approximately 

♦ 

ft  from  the  test  pad  center  along  gauge  line  A,  and  about  52  in.  above  the 


Radial  gauge  lines  designated  gauge  lines  A,  B  and  C  are  120-deg  from  each 
other. 
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289,  which  differ  only  in  ignition  time,  and  it  indicated  that  the  average 
heat  fiux  does  increase  with  increasing  ignition  time,  in  contradiction  to  the 
conclusion  above.  In  searching  for  a  way  to  account  f. or  the  contradiction,  it 
was  noticed  that  the  pyrometric  gas  temperature  for  Test  288  was  somewhat 
higher  during  the  time  of  interest  than  for  the  other  LOg/Ll^  tests,  although 
there  are  no  pyrometric  data  available  from  Test  289  with  which  to  make  a  dir¬ 
ect  comparison.  If  the  abnormally  high  temperature  for  Test  288  was  the  cause 
of  the  influence  of  ignition  time  on  average  heat  flux,  this  tends  to  detract 
from  the  first  conclusion  above,  namely,  that  the  gas  temperature  is,  for  prac¬ 
tical  purposes,  independent  of  these  test  conditions.  This  conflicting  result 
illustrates  the  limitations  of  separating  the  tests  into  distinct  test  condition 
categories.  In  the  case  above,  for  purposes  of  estimating  upper  bounds  of  the 
heat  flux,  we  have  chosen  to  disregard  propellant  configuration  and  Ignition 
time  as  test  conditions,  although  we  were  unable  to  establish  a  firm  basis  for 
the  choice. 


In  order  to  consider  the  effect  of  test  conditions  on  heating  duration, 
the  time  from  propellant  ignition  for  the  fireball  to  lift  from  the  ground  sur¬ 
face  was  obtained  from  film  coverage  of  the  tests,  this  time  being  a  measure 

of  the  potential  heating  duration  at  the  location  of  the  instruments.  These 

a 

durations  are  listed  in  Table  6-4.  In  this  case,  there  appears  to  be  a  de¬ 
cidedly  longer  duration  for  LO  /RP-1  tests  than  for  LO2/LH2  tests,  and  analysis 
(using  all  data  given)  supports  this.  The  suggestion  from  a  comparison  of 
Tests  284  and  285  that  duration  decreases  with  increasing  Ignition  time  is  off¬ 
set  by  the  opposite  trend  suggested  by  a  corresponding  comparison  of  Ttests  288 
end  290.  (It  should  be  noted  that  the  duration  of  3.4  sec  for  Test  285  is 
particularly  uncertain.)  There  appears  to  be  no  x*easoneble  means  to  ascertain 
the  effect  of  propellant  configuration.  As  a  practical  choice,  propellant 
type  Is  treated  as  the  only  test  condition  affecting  heating  duration  (or  heat 
flux  magnitude),  and  the  flux  data  will  be  combined  on  this  basis. 

*  _ 

The  details  of  these  durations  are  described  in  a  later  discussion. 
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Table  6-4 

HEATING  DURATIONS  FROM  TOE  25,000-LB  TESTS 


phofkllant 

TYPE 

TEST' 

NUMBER 

HEATING 

DURATION 

(sec) 

275 

4.7 

278 

4.0 

282 

5.2 

LOa/RP-l 

284 

6,8 

285 

3  .4 

L0S/RP-1 

4.8 

Average 

281 

3.7 

288 

3.8 

LOa/LH3 

290 

3.5 

LOa/LHa 

q  7 

Average 

Heat  flux  density  maxima  plots  are  presented  for  L02/RP-1  and  L02/LH2 
tests  In  Bigs.  6-3  and  6-4,  respectively.  Each  flux  density  "pulse"  is  label¬ 
ed  with  the  letter  H,  S,  or  P  to  indicate  the  instrument  station  (as  designa¬ 
ted  In  Appendix  C)  from  which  it  was  obtained,  and  the  test  number  is  identi¬ 
fied  by  the  type  of  curve  as  Indicated  in  the  legerd.  The  numbers  "l"  through 
"5"  adjacent  to  the  station  letter  "p"  on  Fig.  6-4  designate  the  instrument 
position  at  that  station.  Bounding  curves,  or  curves  which  are  estimates  of 
the  upper  bound,  are  also  indicated  in  the  figures. 

Regarding  these  graphs,  a  high  concentration  of  maxima  near  the  bounding 
curve  tends  to  support  the  firmness  of  the  curve,  and,  of  course,  suggests  that 
it  would  not  be  unusual  to  obtain  values  that  approach  the  curve  in  a  subse¬ 
quent  test.  A  reasonably  large  concentration  near  the  curve  is  in  fact  re¬ 
quired  for  the  construction  of  a  bounding  curve  to  be  a  sensible  endeavor. 

This  requirement  is  clearly  satisfied  for  the  LO2/RP-I  test  condition.  Examin¬ 
ation  of  Fig.  6-3  indicates,  for  instance,  that  the  absence  of  any  measurement 
would  not  require  marked  revision,  of  the  bounding  curve,  perhaps  the  worst 
case  being  a  minor  modification  In  the  3-  to  S-sec  region  associated  with  the 
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ground  turfict  Th*  two  slab*  of  statioa  ■  » r«  a4j*c«ai  and  arranged  so  that 
the  ilow  of  gaa  along  each  la  similar.  Station  s,  constating  of  two  slabs,  Is 
located  13  ft  above  the  ground  surface  and  as  stsr  to  tbs  center  cl'  the  explo¬ 
sion  aa  practical.  In  Itsuts  275  through  285,  It  was  located  at  a  ground  dis¬ 
tance  of  23  ft  along  gauge  line  A,  and  thereafter  was  32  ft  from  the  test  pad 
cen  r  at  a  point  approximately  intersecting  gauge  lines  A  and  B.  Station  P, 
Installed  after  Test  285,  consists  of  a  series  of  live  Instrumented  slabs 
vdeslgnated  as  being  at  positions  "l"  through  "s")  distributed  at  60-deg  inter¬ 
vals  along  the  circumference  of  a  12-in. -diameter ,  vertically  oriented  pipe. 

Hie  station  Is  11  ft  above  the  ground  surface  and  Is  part  of  the  support  struc¬ 
ture  of  station  S. 

The  primary  gas  temperature  measurement  was  obtained  from  a  photographic 
recording  pyrometer.  This  measurement  technique  consists  of  matching,  over  a 
portion  of  the  visible  spectrum,  the  Intensity  of  an  image  of  a  region  of  the 
fireball  with  the  Intensity  of  a  similar  image  of  one  of  several  tungsten  fila¬ 
ments,  each  ol  which  is  at  a  known  and  preset  temperature.  Since  the  intensity 
from  the  tungsten  in  the  optical  spectrum  approximates  that  of  a  blackbody,  the 
measured  fireball  temperature  is  near  the  blackbody  equivalent  temperature.  It 
was  the  policy  to  measure  the  fireball  region  having  the  highest  intensity  or 
temperature.  The  pyrometer  was  located  about  450  ft  from  the  test  pad  along 
gauge  line  A. 

t^io  sec0nciary  gas  temperature  measurement  was  obtained  with  a  thermocouple 
probe,  which  consists  of  a  metallically  sheathed  thermocouple  junction,  with  the 
thermocouple  leids  insulated  from  the  sheath  except  at  the  junction.  One  or 
more  thermocouple  probes  per  test  were  mounted  on  the  Sandia  instrument  station, 
located  13  ft  above  the  ground  surface  about  30  ft  from  the  test  pad  center  at 
a  point  approximately  intersecting  gauge  lines  A  and  C. 

Radiant  flux  density  was  also  measured  at  locations  external  to  the  fire¬ 
ball  by  means  of  th9  Gardon-type  radiometer  described  above.  Generally,  three 
radiometers  were  used  per  test,  two  at  the  same  distance  (335  ft)  from  ground 
zero  along  radial  gauge  lines  (A  and  B)  120  deg  from  each  other,  with  the  third 
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Fig.  6-3.  Heat  Flux  Density  Pulses  from  the  25(000-lb  LO2/RP-I  Itest 
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•ore  remotely  located  (600  ft)  along  gauge  line  A.  These  distance*  are  such 
that  with  the  existing  f leid-of- via*  of  the  ins r rumen ts ,  radiant  energy  orig¬ 
inating  in  any  region  of  the  fireball  prior  to  its  rise  is  not  restricted  froa 
falling  Incident,  on  the  sensitive  foil  of  the  instrument. 

PRESENTATION  OF  RESULTS 
General  Organization 

Results  of  the  primary  measurements  of  slab  heat  flux  density  and  pyro- 
metric  gas  temperature  are  presented  first.  This  commences  with  a  graphical 
summary  of  the  pyrometric  temperature  that  shows  the  range  and  mean  value  of 
the  measurements  for  each  propellant  type  (LO2/RP-I  and  LOo/U^  f°r  the 
25,000-lb  tests.  (No  Titan  I  data  are  currently  available.)  In  addition,  a 
graph  is  presented  which  Indicates  the  spatial  variation  of  temperature  over 
the  fireball  from  a  single  test. 

The  results  of  the  heat  flux  density  i.easurements  are  presented  next,  in¬ 
cluding  curves  which  represent  the  upper  bound  of  this  parameter  (bounding 
curves)  and  curves  which  represent  values  of  this  parameter  that  are  sui table 
to  anticipated  applications  (recommended  curves).  Indications  of  the  basis  and 
limitations  of  both  the  bounding  and  recommended  carves  are  also  given.  The 
correspondence  between  the  heat  flux  density  measurements  and  the  pyrometric 
gas  temperature  measurements  is  given  next  by  comparing  the  radiant  flux  den¬ 
sity  computed  from  the  gas  temperature  measurements  with  the  heat  flux  density 
measurements . 

The  secondary  measurements  from  the  25,000-lb  tests  are  then  conside"ed. 
commencing  with  illustrations  of  the  degree  that  the  radiant  f.ux-rienslty 
measurements  within  the  fireball  support  the  primary  measurements  (the  corre¬ 
sponding  measurements  for  the  Titan  I  test  were  unsuccessful).  This  is  followed 
by  similar  illustrations  of  support  from  the  temperature  measui aments  obtained 
from  the  thermocouple  probes  (no  equivalent  Titan  I  data  are  currently  avail¬ 
able). 
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elimination  of  the  pulse  labeled  '284H."  For  the  LO2/LH2  plots,  the  distribu¬ 
tion  of  maxima  does  not  as  firmly  support  the  position  of  the  curve.  It  can 
be  seen  on  Fig.  6-4  that  the  elimination  of  the  particular  pulse  labeled  "288S,M 
for  example,  would  result  in  a  substantial  modification  of  the  curve  and  would 
reduce  the  associated  accumulative  flux  by  approximately  10  percent.  With  the 
statistical  sampling  at  this  limited  level,  it  is  not  clear  if  this  particular 
measurement  is  unusual  or  reasonably  typical,  and  the  position  of  the  bounding 
curve  is  evidently  somewhat  less  certain  than  the  previous  LC^/RP-1  case.  It 
would  be  expected  that  the  addition  of  further  measurements  would  more  substan¬ 
tially  alter  the  LCg/LHg  curve  than  that  of  the  LO^/RP-1 .  The  LOg/LHg  curve 
is  included,  however,  since  it  represents  the  best  (and  evidently  a  reasonable) 
approximation  to  the  bound  for  this  test  condition  that  can  be  made  with  the 
available  data. 

As  noted  above,  the  flux  density  associated  with  the  bounding  curves  is 
indicative  of  the  energy  that  an  immersed  object  can  receive  and  is,  for  most 
applications,  a  reasonably  conservative  condition  to  Impose,  both  in  terns  of 
the  magnitudes  and,  particularly,  in  terms  of  the  length  of  time  that  such 
magnitudes  would  be  sustained.  No  object  tested,  for  instance,  received  a 
cumulative  flux  density  in  excess  of  60  percent  of  that  associated  with  the 
bounding  curve.  Since  the  bounding  curve  is  evidently  somewhat  conservative, 
it  is  desirable  both  to  Investigate  the  degree  of  conservatism,  and  co  provide 
a  curve  which  is  more  suitable  to  anticipated  applications.  Both  of  these  re¬ 
quire  statistical  investigations  and  several  associated  points  should  be  em¬ 
phasized.  The  first  is,  simply,  that  the  quantity  of  data  is  sufficiently  lim¬ 
ited  that  the  analysis  will  provide  only  a  reasonable  approximation  to  the  nu¬ 
merical  results.  Secondly,  as  noted  above,  an  assumption  has  been  made  with 
regard  to  what  constitutes  a  test  condition,  so  that  some  of  the  data  scatter 
is  probably  attributable  to  unrecognized  test  conditions.  Finally,  it  is  not 
clear  how  extensive  would  be  the  variation  of  heat  transfer  with  test  condition 
outside  the  range  that  has  been  tested;  for  instance,  failures  leading  to  more 
thoroughly  mixed  propellants  at  ignition  may,  in  turn,  lead  to  somewhat  higher 
temperatures  and  heat  transfer  rates.  Thus ,  the  restricted  range  of  test  con¬ 
ditions  over  which  these  data  were  obtained  should  be  considered  in  any  appli¬ 
cation. 
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The  conservatism  of  the  bounding  curve  is  illustrated  in  Table  6-5,  which 
lists  the  ratio  of  the  energy  accumulated  in  5.4  sec  at  each  instrument  station 
to  that  of  the  bounding  curve  for  the  same  time ,  the  latter  being  590  and  420 
watt-sec/ cm8  for  the  LOg/FP-l  and  LOg/Li^  curves,  respectively.  Also  included 
in  the  table  are  the  magnitudes  of  tke  cumulative  flux  density  for  5.4  sec. 

The  measured  cumulative  flux  density  can  be  seen  to  range  from  9  to  60  percent 
of  that  associated  with  the  bounding  curve .  If  one  assumes  that  the  measured 
values  conform  to  a  Gaussian  distribution,  the  probability  of  obtaining,  for 
instance,  75  percent  of  the  cumulative  bounding  flux  la  0.02  and  0.002  for 
liOg^RP-l.  and  L02/LH2>  respectively,  and  the  corresponding  figures  for  65  per¬ 
cent  are  0.07  and  0.02. 

In  obtaining  a  curve  which  is  more  suitable  to  application  (than  the  bound¬ 
ing  curve),  a  difficulty  arises  in  that  a  recommended  curve  depends  on  the 
particular  application  (e.g.,  on  the  degree  of  conservatism  the  application 
calls  for,  on  the  materials  and  geometry  that  the  structure  whose  response  to 
the  environment  is  desired,  and  so  on).  It  is  not  possible  then  to  provide  a 
curve  that  is  applicable  to  all  situations,  and  one  is  given  which  is  suitable 
to  many  anticipated  applications.  The  criteria  upon  which  this  curve,  here¬ 
after  referred  to  as  the  recommended  curve,  1b  based  are  discussed  below. 

The  first  criterion  is  that  the  cumulative  flux  density  associated  with 
the  recommended  curve,  that  is,  the  area  under  the  recommended  flux  density- 
time  plot,  is  such  that  the  probability  of  exceeding  this  cumulative  flux  den- 
slty  is  0.01.  With  this  criterion,  analysis  of  the  cumulative  flux  distribu¬ 
tions  in  Table  6-5  (again  assuming  a  Gaussian  distribution)  Indicates  that  the 
cumulative  flux  densities  of  the  recommended  curve  are  approximately  450  and 
300  watt-sec/ cm*  for  LC^/RP-1  and  ,  respectively. 

Several  difficulties  arise  when  consideration  is  subsequently  given  to 
time  distributions  of  flux  density  which  are  appropriate  and  consistent  with 
these  cumulative  flux  values.  It  is  typical  for  the  measured  flux  density 
surges  to  approach  and  temporarily  remain  near  the  bounding  curve  and  for  the 
heating  activity  during  the  time  periods  separating  these  surges  to  be  compara¬ 
tively  moderate  or  negligible,  (This  is  perhaps  uost  easily  observed  by 
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Table  6-5 

CUMULATIVE  FLUX  DENSITY  FOR  25, 000“ LB  TESTS 


INSTRUMENT  STATION 

■ 

s 

P 

TYPE 

NO. 

CUMULATIVE 
FLUX 
(watt- 
sec  /cm2) 

FRACTION 

OF 

BOUNDING 

CURVE 

CUMULATIVE 

FLUX 
(watt- 
sec  /cm2) 

FRACTION 

or 

BOUNDING 

CURVE 

CUMULATIVE 
FLUX 
(wat t- 
sec/cm2) 

FRACTION 

OF 

BOUNDING 

CURVE 

275 

249 

0.44 

334 

0-60 

- 

278 

165 

0,29 

280 

O' so 

- 

- 

264 

304 

0.54 

265* 

O  '47* 

- 

- 

2U5 

49 

0.09 

140 

O  '25 

- 

_ 

279 

89 

0.20 

163 

0-37 

- 

288 

234 

0.53 

259 

0-58 

242 

W2/W2 

289 

13S 

c 

'A 

o 

145 

0-33 

116 

290 

98* 

0.22* 

139 

0  »3l 

177 

Hie  cumulative  flux  values  for  Station  S,  Test  284  and  for  Station  H,  Test 
290  are  to  a  time  of  2.8  and  2.6  sec,  respectively,  and  these  two  values 
were  not  used  in  the  analyses . 
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•canning  the  individual  flux-data  curves  in  Pigs.  2-1  through  2-28  given  in 
Section  2,  Vol .  2.)  This  suggests  that  the  recommended  curves  should  super¬ 
imposed  on  the  corresponding  bounding  curves  and  that  the  reduced  cumulative 
flux  values  of  450  and  300  watt-sec/cm*  be  obtained  by  Imposing  flux  voids  (or 
more  moderate  flux  values)  over  one  or  more  time  periods,  and  the  remaining 
question,  in  that  case,  would  be  in  regard  to  a  suitable  selection  of  voids 
and  theii  distribution.  No  evident  pattern  in  this  distribution  is  suggested 
by  examination  of  the  Individual  flux— time  measurements.  However,  it  is  not 
uncommon  for  the  flux  to  remain  uninterruptedly  near  the  bounding  curve  for 
large  fractions  of  the  heating  duration.  This  is  illustrated  by  the  example 
data  presented  in  Figs.  6-5  and  6-6.  The  flux  shown  in  Fig.  6-5  from  Tbs t  288, 
for  instance,  remains  near  the  bounding  curve  from  about  1  to  2.5  sec,  and 
similarly  for  Test  284  on  Fig.  6-6  from  about  2.5  to  5.5  sec.  It  is  Important 
to  recognize  that  most  of  the  energy  transfer  for  these  examples  is  associated 
with  a  single  pulse,  that  the  flux  during  these  pulses  is  near  the  bounding 
curve,  and  that  this  la  evidently  not  a  rare  event.  This  coupled  with  the 
factors  previously  mentioned  suggests  that  the  recommended  curves  should  be  sb 
follows:  That  they  should  uninterruptedly  superimpose  the  bounding  curves  and 
that  their  cumulative  flux  density  should  be  reduced  from  that  of  the  bounding 
curves  to  approximately  450  and  300  watt-sec/cm*  for  LO  /KP-1  and  LO  /LH  ,  re¬ 
spectively.  Recommended  curves  as  such  are  presented  in  Figs.  6-7  and  6-8, 
where  the  deletion  of  the  cumulative  flux  density  from  that  of  the  bounding 
curve  is  conservatively  located  at  the  late  end  of  the  heating  period. 

For  some  applications,  the  recommended  curves  may  be  slightly  conserva¬ 
tive,  and  the  stringency  may  be  reduced,  for  Instance,  by  modifying  from  0.01 
the  probability  of  exceeding  the  cumulative  flux-density.  Other  possible  means 
mu’  be  Justified  and  suitable  under  given  circumstances,  as  described  in  the 
following  example.  For  purposes  of  illustration,  the  measured  flux  density 
for  Tsst  275  is  given  in  Fig.  6-9,  and  it  can  be  seen  that  the  flux  is  near 
the  bounding  curve  from  about  0.5  to  3  sec,  although  there  is  periodic  but 
short-lived  relief  in  the  flux  level  during  this  time  (at  about  0.8,  1.75,  and 
2.1  sec).  Intermittent  relief  such  as  this  can  significantly  affect  the  re¬ 
sponse  of  some  structures,  and  such  flux  density— time  patterns  are  not  uncommon. 
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This  relief,  for  instance,  can  afford  an  opportunity  for  energy  to  be  conducted 
through  the  structure  from  high-  to  low- temperature  regions,  thus  reducing  the 
maximum  temperature  that  the  high- temperature  regions  of  concern  will  sustain 
compared  with  that  for  an  uninterrupted  heat  pulse  having  the  same  energy.  If, 
in  applying  the  recommended  curve,  the  structural  response  is  found  to  reach, 
but  not  greatly  exceed,  damaging  proportions,  one  Eiay  be  Justified  in  introduc¬ 
ing  an  appropriate  region  of  reduced  flux.  Justification  of  such  a  modifica¬ 
tion  would,  of  course,  require  statistical  analysis  of  the  durations,  magni¬ 
tudes  and  time  distributions  of  the  energy  pulses,  and  such  an  analysis  is  not 
given  here . 


Fig.  6-9.  Heat  Flux  Density  at  Station  S  from  Itest  275 


Information  computed  from  the  pyrometrlc  gas  temperature  measurements  are 
included  on  Flgu ,  6-7  and  6-  8  in  order  that,  the  rather  important  comparison 
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can  bo  made  between  these  measurements  and  the  bounding  curve.  It.  has  been 
previously  mentioned  that  the  gas  temperature  measurements  ore  of  the  fireball 
region  having  the  highest  apparent  temperature.  It  has  also  been  implied  above 
that  the  bounding  flux  curve  approaches  the  flux  that  would  be  sustained  in  the 
region(s)  of  highest  temperature.  Urns,  there  should  be  a  correspondence  be¬ 
tween  (not  necessarily  an  equality  of)  the  bounding  flux  curve  and  the  flux 
implied  by  the  gas  temperature  measurement .  lb  this  end,  the  radiant  flux  den¬ 
sity  values  were  computed  from  the  gas  temperature  (on  the  assumption  of  a  con¬ 
servative  emlssivity  of  unity)  and  the  results  plotted  (X's)  on  Figs.  6-7  and 
6-8.  The  correspondence  is  remarkable.  Consider  first  the  IOj/LHg  case  in 
Fig.  6-8.  During  the  early  fireball  stages,  when  the  gas  flow  velocities  can 
be  sufficient  for  significant  convective  transfer  to  occur,  it  is  reasonable 
to  expect  that  the  total  heat  flux  measurements  will  exceed  the  remote  measure¬ 
ment  Implications,  sines  the  latter  account  for  radiative  transfer  alone,  and 
Fig.  6-6  ia  compatible  with  this  notion.  As  the  more  extreme  velocities 
subside,  it  is  reasonable  to  expect  that  the  two  curves  will  converge,  with  the 
radiative  mode  of  energy  transfer  predominating;  and  the  curves  are  also  con¬ 
sistent  with  this  supposition,  at  least  to  approximately  2.5  sec,  where  the 
two  values  commence  to  diverge,  the  "pyrometric"  flux  thereafter  exceeding  the 
directly  measured  values.  This  divergence  is  accounted  for  through  film  cov¬ 
erage  of  these  tests.  In  particular,  it  is  at  this  time  that  the  fireball 
lifts  from  the  ground  surface  or  from  the  direct  heat  flux  instruments.  For 
the  L02/RP~1  data  given  in  Fig.  6-7,  the  pyrometric  gas  temperature  measure¬ 
ments  are  restricted  to  about  2  sec  so  that  a  comparison  is  only  possible  dur- 
* 

ing  this  time.  It  can  be  seen  that  the  results  are  consistent  with  expecta¬ 
tions  in  the  same  manner  ns  described  for  the  LC^LI^  case. 

The  results  of  this  comparison  axe  rather  significant  in  that  two  totally 
independent  means  of  evaluating  heat  transfer  indicate  similar  magnitudes  In 
the  region  where  a  similarity  should  exist.  Moreover,  In  other  regions,  the 
comparative  magni  udes  of  the  two  measurements  are  qualitatively  correct. 

*  Ibis  apparent  difference  In  duration  was  discussed  above  in  the  section  "Gas 
Temperature  from  the  Photo- Recording  Pyrometer." 
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A  common  feature  of  the  heat  flux  data  that  la  not  Indicated  either  in  the 
data  figures  presented  in  this  section  or  in  those  presented  in  Section  2  of 
Vol.  2  is  the  presence  of  a  comparatively  high- magnitude  but  very  short-lived 
pulse  at  the  beginning  of  the  heating  period.  When  this  pulse  occurs,  it  com¬ 
mences  with  a  magnitude  in  the  vicinity  of  400  watts/cm3  and  decays  to  below 
200  watts/cm*  within,  for  the  25,000-lb  tests,  about  20  msec.  It  can  be  re¬ 
called  that  pulses  of  the  same  magnitude  and  duration  were  inferred  from  the 
pyrometric  gas  temperature  measurements.  The  pulse  was  present  in  the  heat 
flux  measurements  for  Tests  278,  285,  and  288;  for  the  pyrometric  measurements, 
it  was  present  for  Tests  275,  278,  282,  284,  285,  and  288.  A  more  detailed 
comparison  will  not  be  made  for  the  following  reason.  In  computing  the  heat 
flux  from  the  slab  temperature  data,  two  comparatively  largo  errors  occur  In 
the  first  few  computational  time  Intervals  (that  in,  over  the  first  10  or  20 
msec),  and  these  errors  become  increasingly  lA.vge  as  the  time  approaches  the 
first  (or  earliest)  computational  interval.  One  of  the  errors  is  systematic 
and  correctable,  but  a  substantial  effort  is  required.  Since  the  pulse  is  of 
such  small  duration,  the  effort  appeared  to  be  clearly  unjustified.  It  should 
be  noted  that  the  pulse  was  also  present  in  the  heat  flux  data  from  the  Titan 
I  Test,  although  its  duration  was  approximately  50  msec. 

One  further  characteristic  of  the  heat  flux  density  data  should  be  men¬ 
tioned.  The  flux  density  data  from  instrument  stations  S  and  H  given  in  Sec¬ 
tion  2  of  Volume  2  are  presented  in  pairs,  oik:  pnir  for  each  station,  corres¬ 
ponding  to  the  adjacent  slab  pairs  of  those  stations.  Usually  the  exposed 
surface  of  one  of  each  pair  was  coated  with  a  black  deposit,  and  the  companion 
alab  was  either  coated  with  a  "white"  deposit  or  the  surface  was  polished. 

The  comparative  data  trends  for  these  companion  slabs  with  dissimilar  radia¬ 
tion  absorption  properties  (as  given  approximately  in  Appendix  C)  are  as  fol¬ 
lows,  For  the  IA^LHj  data,  the  ratios  of  the  energy  of  the  black  slab  to  that 
of  the  white  range  from  just  over  1  to  about  1.5,  with  the  ratio  for  a  given 
slab  pair  remaining  approximately  the  same  throughout  the  heating  duration. 

For  the  LO2/KP-I  tests,  the  data  trends  are  somewhat  different,  with  two  pat¬ 
terns  appearing.  For  some  cases,  the  energy  into  each  slab  is  essentially  the 
same,  while  for  others,  the  energy  into  the  black  slab  Is  initially  substantially 
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larger  thin  that.  Into  the  white,  but  they  become  equal  by  about  1.5  sec.  (See, 
for  example,  the  data  at  Station  S  for  Test  275  on  Fig.  6-9  above  and  Test  284 
on  Fig.  2-6  of  Section  2,  Vol.  2.)  This  combination  of  data  trends  for  both 
propellant  types  suggests  that  modification  of  the  radiation-absorbing  proper¬ 
ties  of  the  slabs  for  LOa/RP-l  tests  through  deposition  of  particulate  carbon 
—  always  found  in  posttest  examination  and  at  thicknesses  ranging  to  about 
0.03  or  0.04  in.  —  occurs  during  the  heating  duration,  and  the  deposition  is, 
in  some  Instances,  immediate.  It  appears  advisable,  therefore,  to  use  radia¬ 
tion  absorptance  values  near  unity  for  structural  surfaces  immersed  in  L02/RP-1 
fireballs  regardless  of  their  initial  value. 

One  of  the  primary  reasons  for  the  installation  of  instrument  Station  P 
(heat  flux  density  measurements  at  locations  distributed  around  the  circumfer¬ 
ence  of  a  vertically  oriented  cylinder)  was  to  reveal  any  consistent,  signifi¬ 
cant  differences  in  the  heat  transfer  at  different  locations  on  the  surface  of 
an  immersed  ob.ject,  with  particular  reference  to  the  orientation  and  location 
of  the  instrument  with  respect  to  the  gas  flow  direction  of  the  initially  ex¬ 
panding  fireball.  Data  were  obtained  at  this  station  from  throe  25,000-lb 
tests,  and  no  marked  trends  with  respect  to  instrument  location  were  obtained. 
(Individual  heat  flux  density  records  from  these  tests  for  this  station  are 
given  in  Figs.  2-15  through  2-17,  2-20  through  2-22,  and  2-26  through  2-28  of 
Section  2,  Vol.  2,  for  Tests  288,  289,  and  290,  respectively.) 

Radiant  Flux  Density  within  the  Fireball 

Radiometer  data  within  the  fireball  are  presented  in  Figs.  6-10  through 
6-12  for  the  25,000-lb  tests.  (No  equivalent  Titan  data  were  obtained.)  These 
d'.ca  are  presented  primarily  to  indicate  the  degree  that  they  support  the  to¬ 
tal  heat  flux  density  and  gas  temperature  measurements  above;  and  since  the 
radiometers  were  always  mounted  near  a  slab  heat-flux  meter,  as  described  in 
Appendix  C,  the  radiant  flux  data  are  plotted  with  the  heat  flux  curve  that  is 
evaluated  from  the  adjacent  black-coated  slab. 

Ihe  variation  among  the  radiometer  data  is  somewhat  larger  than  is  desir¬ 
able,  although  some  of  the  scatter  can  be  attributed  to  the  difference  in  time 
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response  of  the  various  instruments.  For  instance,  during  the  sharp  pulses  that 
occur  within  the  first  second  for  Tests  284  and  289,  the  more  rapiuly  respon¬ 
ding  radiometers  at  Positions  B  and  K  more  nearly  follow  the  total  flux.  Large 
differences  among  the  radiometer  data  were  also  obtained  for  Test  284,  for  in¬ 
stance,  from  about  1.5  to  4.5  sec,  but  this  difference  is  not  attributable  to 
instrument  response.  Ttest  284  was  a  LOg/RP-l  test  (the  only  25,000-lb  LOg/RP-l 
test  for  which  radiometer  data  within  the  fireball  were  obtained),  which  re¬ 
quires  purging  of  the  radiometer  windows  to  prevent  deposition  of  the  products 
of  the  explosion.  Posttest  examination  indicated  a  clean  window  at  Position  E 
and  partially  coated  windows  at  Positions  B  and  C,  and  this  appears  to  account 
for  the  differences.  The  flux  for  Position  B  is  significantly  low  throughout 
this  time  and,  along  with  the  flux  from  C,  does  net  respond  between  3.5  and  4 
sec  to  the  energy  transfer  that  is  indicated  both  by  the  radiometer  at  Position 
E  and  by  the  total  flux  measurement. 


Fig.  6-12.  Total  and  Radiant  Flux  Density  for  Test  2?9 


6-36 


AFRPL-TB-68-&2 


•-***»«.  UVa?  v’-r>3F i ftwuv.'  4S miBHfMMM -i '*¥ -IWW* -w«wp”^3B*W^ 


URS  852-35 

In  comparing  the  radiant  with  the  total  flux  density,  several  factors 
should  be  considered.  First,  a  correction  factor  has  been  applied  to  the  ra¬ 
diometer  data  to  account  for  energy  losses  by  absorption  within  and  reflection 
at  the  surfaces  of  the  windows,  and,  as  indicated  in  Appendix  C,  the  correction 
is  based  on  a  fireball  at  about  2200°K.  Thus,  only  during  times  when  there 
are  indications  of  comparatively  high-level  energy  transfer  corresponding  to 
such  gas  temperatures  is  the  estimated  correction  applicable.  For  lower  tem¬ 
peratures,  the  radiant  flux  density  measurement  will  tend  to  be  lower  than  the 
actual  flux  density.  In  addition,  due  to  the  comparatively  slow  response  of 
the  radiometers,  the  radiometer  data  are  not  expected  to  closely  follow  the  to¬ 
tal  flux  for  "sharp"  energy  pulses ,  such  as  those  during  the  early  times  of  the 
three  tests  given  in  Figs.  6-10  through  6-12.  Circumstances  in  which  a  rea¬ 
sonable  comparison  can  be  made  are  found  between  2.5  and  4  sec  for  Test  284. 

In  light  of  a  relatively  small  convective  component  that  should  exist,  the  ra¬ 
diometer  data,  to  the  extent  that  their  accuracy  permits,  clearly  support  or 
lend  confidence  to  the  total  flux  measurements. 

Temperature  of  Thermocouple  Probes 

Measurements  of  gas  temperature  as  indicated  by  thermocouple  probes  at 
one  or  two  locations  within  the  fireball  were  obtained  by  the  Sandia  Corpora¬ 
tion  throughout  the  program.  The  two  measurements  from  Test  288  are  given  in 
Fig.  6-13,  and  example  dat'  from  a  few  other  tests  are  given  in  Section  2  of 
Volume  2, 

The  data  of  Fig.  6-13  may  be  compared  with  the  gas  temperatures  for  Ttest 
288  from  the  remote  photo- record  pyrometer  given  in  Fig.  6-8.  The  "peak" 
values  of  the  thermocouple  temperatures  are  somewhat  higher  than  the  pyromet- 
ric  temperatures.  However,  an  error  is  not  implied  by  this  difference  in  taup- 
eratures;  since  tne  pyrometer  measures  a  blackbody  equivalent  temperature  and 
the  thermocouple  probe,  with  some  reservation  regarding  its  accuracy,  measures 
the  true  gas  temperature,  the  pyrometric  temperature  will  depending  on  the 
fireball  emissivity,  tend  to  be  lower  than,  hut  at  most  equal  to,  the  thermo¬ 
couple  temperature.  Due  to  the  uncertainty  in  the  fireball  emissivity,  exact¬ 
ing  comparison  between  the  measurements  la  not  possible. 
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A  crude  comparison  can  also  be  made  between  the  thermocouple  data  and  the 
heat  flux  density  data.  For  example,  the  thermocouple  temperature  in  Fig.  6-13 
cun  be  compared  to  the  heat  flux  density  for  tlio  same  test  (Test  288)  in  Fig. 

6-5  (pg.  6-29).  A  similarity  can  be  seen  first  with  regard  to  the  presence  of 
first  and  second  "peaks"  at  similar  times.  However,  the  radiant  flux  densi¬ 
ties  computed  from  the  thermocouple  temperature  values  (for  an  emissivity  of  1) 
for  both  data  traces  are  380  and  250  watts/cm2  for  the  first  peaks  and  250  and 
280  watts/cm2  for  the  second  peaks,  and  this  is  substantially  higher  than  the 
measured  heat  flux  density  at  corresponding  times  in  Fig.  6-5,  which  are  in  the 
vicinity  of  200  and  150  watts/cm5'  for  the  first  and  second  peak,  respectively. 

In  this  case,  the  direct  heat  flux  density  measurements  should  be  equal  to  or 
higher  than  the  flux  computed  from  the  pyrometric  temperatures  for  any  possible 
emissivity;  thus  the  thermocouple  probe  measurements  do  not  support  the  direct 
heat  flux  measurements . 

Heat  Flux  at  "Large"  Propellant  Weight  LevelB 

Heat  flux  data  from  explosions  of  propellant  quantities  in  excess  of 
25,000-lb  are  available  from  only  a  single  test  —  the  Titan  I  Test  involving 
approximately  100,000-lb  of  the  L02/RP-1  propellant  combination  —  and  reliable 
scaling  relationships  from  which  the  bounding  and  recommended  curves  may  be 
extended  from  the  25,000-lb  level  cannot  therefore  be  obtained  on  the  basis  of 
heat  flux  data.  Scaling  relationships  are  described  in  the  following  paragraphs 
for  curves  that  are  instead  based  on  fireball  temperature  data  obtained  from 
the  photo- re cording  pyrometer  measurements  and  on  heating  duration  data  obtained 
from  film  coverage.  This  is  followed  by  a  comparison  between  the  bounding 
curve  scaled  to  the  100,000-lb  level  and  the  heat  flux  data  from  the  Titan  I 
Test. 


Scaling  of  Bounding  and  Recommended  Curves 

Fireball  temperature  measurements  from  the  photo-recording  pyrometer  are 
available  from  mare  than  200  propellant  tests,  which  range  in  propellant  weight 
from  200  to  25,000  lb.  (Only  a  summary  of  the  25,000-lb  data  is  presented  in 
this  report.)  It  is  found  that  the  fireball  temperature,  for  practical 
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purposed,  is  Invariant  with  propellant  weight  over  this  weight  range.  Hie 
weight*  of  interest  extend  well  above  this  range,  however,  and  in  the  ab¬ 
sence  of  experimental  data  on  weights  of  interest  or  of  suitable  analytical 
relationships  between  temperature  and  weight ,  it  is  assumed  that  temperature 
remains  invariant  with  weight.  The  uncertainty  of  tills  assumption  in  regard 
to  weights  of  the  order  of  a  million  pounds  is  clearly  greater  than  is  desir¬ 
able.  The  assumption  is,  however,  not  entirely  without  support;  the  rough  in¬ 
dications  of  temperature  derived  from  the  fireball  "color"  on  the  film  cover¬ 
age  of  comparatively  large  explosions  suggests  that  the  assumption  is  not 
grojsly  unrealistic. 

In  considering  the  effect  of  a  temperature  invariance  on  heat  flux,  it  was 
seen  in  Figs.  6-7  and  6-8  that  the  bounding  curve  and  radiant  flux  computed 
from  the  pyrometric  gas  temperature  measurements  were  similar  except  at  early 
times.  An  emissivity  of  1  was  used  in  this  computation,  which  should  be  a 
close  approximation  at  least  for  the  fireballs  from  L02/RF-1  explosions.  The 
transfer  of  energy  was  therefore  almost  entirely  through  radiant  transfer;  and 
since  the  radiant  transfer  depends  on  the  fireball  temperature,  the  magnitude 
of  the  heat  flux  density  should  also  be  invariant  with  propellant  weight. 

The  scaling  relationships  for  the  heating  duration  are  based  primarily  on 
film  coverage  of  tests  that  range  to  100,000  lb  of  propellanl. .  The  heating 
duration  am  observed  in  the  films  is  defined  as  the  time  from  ignition  for  the 
fireball  to  rise  from  the  ground  surface,  and  this  duration  is  nearly  identi¬ 
cal  with  the  potential  heating  duration  of  the  heat  flux  instruments.  The 
heating  duration  of  a  structure,  of  course,  may  easily  be  smaller  because  of 
its  ejection  from  the  fireball.  While  it  may  also  be  larger,  it  Is  difficult 
to  hypothesize  a  set  of  circumstances  which  would  cause  a  structure  to  follow 
the  motion  of  the  fireball.  A  heating  duration  given  ac  the  time  to  fireball 
"lift-off"  Is  chosen  because  it  is  the  longest  that  a  structure  is  likely  to 
experience . 

It  la  found  experimentally  that  for  explosions  of  200-lb  quantities  of 
propellant,  the  firebsl  temperature  subsides  before  appreciable  rising  motion 
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occurs,  and  the  heating  duration  la  thus  synonymous  with  the  fireball  duration. 
For  quantities  of  25,000  lb  and  more,  the  fireball  will  rise  substantially, 
and  it  appears  that  the  ratio  of  the  heating  duration  to  the  fireball  duration 
may  be  some  decreasing  function  of  propellant  weight.  Since  the  bounding  and 
recommended  curves  are  based  on  25,000-lb  heat  flux  measurements  and  since 
most  applications  are  for  propellant  quantities  in  excess  of  25,000  lb,  it  is 
of  particular  Interest  to  determine  the  dependence  of  heating  duration  on  pro¬ 
pellant  weight  for  these  larger  quantities.  Heating  durations  obtained  from 
all  the  large-scale- test  film  available  are  given  in  Table  6-6,  along  with  the 
fireball  durations  and  the  ratios  of  these  two  durations.  In  addition,  estim¬ 
ates  of  heating  durations  from  the  heat  flux  measurements  are  included  for 
data  traces  for  the  cases  in  which  the  duration  can  be  readily  identified. 

These  latter  durations,  which  are  included  to  indicate  the  extent  to  which  they 
support  the  film  data,  should  be  somewhat  less  than  or  equal  to  the  heating 
durations  derived  from  the  film. 

Ihere  are  t  o  uncertainties  associated  with  the  magnitudes  of  the  heating 
duration  that  have  been  obtained  from  the  film.  First,  events  such  as  the 
fireball  lift-off  are  not  always  distinct  and  are  subject  to  interpretation. 

For  tests  where  it  is  appropriate,  therefore,  qualifying  remarks  will  be  made. 
For  instance,  for  several  tests,  and  particularly  for  Tests  277,  281,  and  284, 
a  substantial  region  of  burning  remained  near  the  ground  after  the  original 
fireball  lifted  from  ground  surface.  Lift-off  time  for  these  cases,  however, 
was  taken  to  be  the  time  that  the  original  fireball  lifted  from  the  ground  sur¬ 
face  because  the  remaining  region  of  burning  was  much  less  extensive  than  the 
original  fireball,  e.g.,  this  region  did  not  include  the  Instruments.  The 
fireball  for  Test  285  was  particularly  lacking  in  definition,  and  the  lift-off 
time  is  especially  uncertain.  Regarding  the  second  uncertainty,  while  accu¬ 
rate  timing  marks  were  superimposed  on  the  test  film,  for  very  few  cases  were 
useful  Indications  provided  on  films  that  were  otherwise  useful  for  evaluating 
the  lift-off  time.  It  was  consequently  necessary  to  evaluate  most  of  the  times 
on  the  basis  of  frame  rate  settings  of  the  cameras,  and  this  results  in  a  larger 
error  than  is  desirable.  It  was  observed  that  the  scatter  tended  to  increase 
as  the  frame  rate  increased.  Consequently  the  data  were  obtained  from  the 
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films  with  the  slowest  rates  (usually  64  frames  per  second).  Nevertheless,  the 
standard  deviation  associated  with  the  lift-off  times  (and  total  fireball  dur¬ 
ations),  which  are  listed  In  Table  6-6,  are  probably  of  the  order  of  20  per¬ 
cent  . 


Consideration  of  the  heating  durations  in  Ifeble  6-6  suggests  that  the 
heating  duration  does  not  Increase  as  raptuly  with  weight  as  does  the  fireball 
duration,  i.e.,  does  not  scale  to  the  one-third  power.  With  the  one -third 
power  law,  the  average  heating  duration  of  4.3  seconds  for  IjO^RP-I  at  25,000- 
lb  would  result  in  a  heating  duration  of  7.8  seconds  at  100,000-lb,  while  a 
value  of  6.7  seconds  was  obtained  for  the  Titan  I  Test.  Similarly  for  LO2/LH2, 
a  heating  duration  of  4.5  seconds  was  obtained  for  the  Saturn  IV  Test,  while  a 
value  of  5.7  seconds  would  be  expected  at  92, 000-lb  for  an  average  of  3.7  sec¬ 
onds  at  25,000-lb. 

Consider  next  the  ratios  of  the  heating  durations  to  the  fireball  dura¬ 
tions  given  in  Table  6-6 .  The  errors  that  are  contained  in  the  durations  which 
are  due  to  the  uncertainties  in  film  speed  mentioned  above  are  not  contained 
in  these  ratios.  Once  again,  the  evidence  indicates  that  the  heating  duration 
has  a  somewhat  weaker  dependence  on  propellant  weight  than  the  fireball  dura¬ 
tion.  For  instance,  the  average  ratio  from  the  25,000-lb  LO2/RP-I  tests  is 
0.85,  while  the  ratio  lies  between  0.82  and  0.56  for  the  Titan  1  Test.  Simi¬ 
larly  for  L02/LH2>  the  average  ratio  for  the  25,000-lb  tests  Is  0.39,  while 
for  the  Saturn  IV  Test,  the  ratio  is  0.28.  Since  It  was  established  in  Ref. 

6-2  that  the  fireball  duration  increases  with  the  cube  root  of  propellant 
weight,  ratios  which  decrease  with  weight  suggest  a  weaker  dependence  of  heat- 
duration  on  weight. 

The  conservative  assumption  that  the  heating  duration  increases  with  the 
cu  root  of  the  propellant  weight  for  weights  in  excess  of  25,000-lb  is  rec- 
owsnded  even  though  the  film  data  suggest  a  somewhat  weaker  dependence.  The 
data  are  clearly  too  few  and  uncertain  to  recommend  the  reduction  of  durations 
from  this  rule  at  comparatively  large  propellant  weights. 
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Table  6-6 

MEASURED  HEATING  DURATIONS 


PROPELLANT 

TYPE 

TEST 

NO. 

FROM  FILM  COVERAGE 

FLUX  DENSITY 
HEATING  DURATIONS 
<sec)  FOR  STATION 

_ 

HEATING 

DURATION 

(sec) 

FIREBALL 

DURATION 

(sec) 

RATIO  OF 
HEATING 
DURATION 
30 

FIREBALL 

DURATION 

H 

S 

P 

275 

4.7 

5.7 

0.82 

4 

4.3 

- 

278 

4.0 

4.5 

0.89 

- 

4.5 

- 

282 

5.2 

6.1 

0.85 

- 

- 

- 

284 

6.8 

7.6 

0.90 

5.5 

LOg/RP-l 

285 

3.4 

4.8 

0.71 

“ 

25 ,000-lb 

Average 

4.8 

5.7 

0.83 

* 

Titan  I 

6.7 

8.2(12)* 

0.82(0.56)* 

~ 

- 

- 

281 

3.7 

9.5 

0.39 

- 

m 

- 

2m 

3.8 

11.7 

0.33 

3 

3 

3 

Unj/L^ 

290 

3.5 

6.7 

0.52 

- 

3.5 

3.5 

25,000-lb 

Average 

3.7 

9.3 

0.41 

** 

Saturn  IV 

4.5 

16 

0.28 

' 

There  is  some  difficulty  obtaining  a  distinct  fireball  duration  for  the 
Titan  I  Test.  It  may  be  as  short  as  8.2  sec,  but  probably  extends  to  about 
12  sec. 

About  92,000  lb  of  LO2/LH2  were  involved  in  the  Saturn  IV  Tast. 
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In  summary,  it  has  been  assumed  that  the  heat  flux  magnitudes  will  rema 
invariant  with  propellant  weight,  while  the  heating  duration  will  Increase  w 
the  cube  root  of  propellant  weight.  In  order  to  obtain  a  bounding  or  recom¬ 
mended  curve  at  a  ticale  in  excess  of  25,000  ib,  that  the  curves  given  in 
t'L&s .  8-7  or  6-8  be  used,  with  the  times  in  these  figures  multiplieu  by 
(W/25,000)1^* ,  where  W  is  the  propellant  weight  of  interest  in  pounds. 

In  the  section  that  follows,  the  heat  flux  dat"  the?  Titan  I  test  are 

compared  to  the  bounding  curve  scaled  to  the  100,000-lb  level,  applying  the 
above  scaling  rule . 

Titan  i  Data 

The  instalments  and  '".heir  locations  for  the  Titan  I  test,  with  one  excep¬ 
tion.-  •vare  the  'ame  as  for  the  25,000-lb  teat  series.  The  only  modification 
was  th*.  replvctmvnt  of  copper  slabs  by  iron  slabs  at  Positions  1  and  5  of  in¬ 
strument.  Station  P.  In  anticipation  of  the  relatively  long  durations  of  this 
test,  some  of  the  coppor  slabs  were  replaced  by  iron  slabs  to  avoid  an  error 
tfc.it  would  be  encountered  toward  the  end  of  the  heating  pulse  if  1 .4~in. thick 
copper  slabs  were  used.  The  flux  curves  from  the  copper  slabs  will  gradually 

become  larger  than  the  correct  value.  It  should  also  be  noted  that  the  thermo¬ 

couple  Junction  depth  for  the  iron  slabs  is  comparatively  small  (0.0002  in. 
compared  with  0.005  in.  for  copper),  with  the  consequence  that  slab  tempera¬ 
ture  data  and  heat  flux  data  w<ll  tend  to  be  more  erratic  since  the  thermo¬ 

couple  Junction  can  more  readily  sense  minor  and  comparatively  short-lived 
heating  activity. 

The  heat  flux  density  data  are  given  in  Figs.  6-14  through  6-16.  TWo  of 
the  data  curves  from  Station  P  (Fig.  6-16)  have  somewhat  larger- than-ordinary 
errors  over  certain  time  regions  due  to  noise  in  the  corresponding  temperature 
records,  and  the  details  of  these  errors  are  noted  in  the  data  presentation 
section  (Section  2,  Vol .  2), 

Included  on  Figs.  6-14  through  6-16  are  scaled  versions  of  the  "bounding 
curve"  that  was  given  for  the  25,000-lb  L02/RP-1  test  series  in  Fig.  6-3,  ap¬ 
plying  the  scaling  rule  described  in  the  previous  section. 
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Fig.  6-14.  Heat  Flux  Density  at  Station  S  for  the  Titan  Test 
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Pig.  6-  15.  Heat  Flux  Density  at  Station  H  for  the  Titan  Tteot 
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Fig.  6-16.  Heat  Flux  Density  at  Station  P  for  the  Titan  Test 


Although  the  data  from  a  single  test  can  not  validate  the  scaling  that  has 
been  applied,  it  can  be  seen  that  the  flux  data  are  clearly  not  inconsistent 
with  the  scaled  curve. 

The  cumulative  or  time-integrated  flux  to  8  sec  for  each  flux  curve  is 
listed  in  Table  6-7,  along  with  the  ratio  of  each  to  the  time-integrated  flux 
of  the  scaled  bounding  curve,  the  latter  being  approximttely  1075  watt-sec/ 
cm* . 


The  ratios  of  the  measured  accumulative  flux  density  to  that  of  the  bound¬ 
ing  curve  are  similar  to  those  obtained  throughout  the  25,000-lb  L0,/RP-1 
tests  (Table  6-5).  There  is  a  similarity  also  between  the  ratios  of  cumula¬ 
tive  flux  density  from  black-coated  slabs  to  those  of  white-coated  slabs,  sug¬ 
gesting  again  that  there  is  a  rapid  deposition  of  explosive  products.  The  ac¬ 
tual  deposit  was  not  as  thick  as  had  been  obtained  for  the  25,000-lb  test,  al¬ 
though  it  was  sufficiently  thick  to  be  opaque  both  ou  upper  horizontal  sur¬ 
faces,  and  on  side  (vertical)  and  face-down  surfaces. 
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Table  6-7 

CUMULATIVE  FLUX  DENSITY  FROM  THE  TITAN  I  TEST 


INSTRUMENT 

STATION 

SLAB 

MATERIAL1 

SURFACE 

COATING 

CUMULATIVE 

FLUX  DENSITY 
(watt-uec/ cm* ) 

FRACTION  OF 

THE  SCALED 
BOUNDING  CURVE 

Fe 

Black 

416 

0.35 

•) 

2 

Cu 

Black 

588“ 

0.50 

P 

F© 

W  -te 

390 

0.33 

Cu 

Black 

5352 

0.452 

S 

Cu 

Black 

5552 

0.472 

SS 

Black 

418 

0.36 

H 

SS 

White 

371 

0.32 

1.  SS  refers  to  Stainless  Steel  309, 

2,  Cumulative  Flux  Value  slightly  larger  than  correct  value. 


Radiant  Flux  Density  Outside  the  Fireball 

25,00C-lb  and  Titan  Ttesta 

Summary  plots  of  radiant  flux  measurements  at  locations  outside  of  the 
fireball  are  presented  in  Figs.  6-17  and  6-18  for  the  25,000-lb  IX^/RP-l  and 
LQ^/LHg  tests,  respectively.  Information  presented  in  these  plots  is  limited 
to  a  curve  representing  the  data  mean  for  all  tests  (the  measurements  from 
each  test  rather  than  each  measurement  being  weighted  equally)  along  with  nn 
indication  of  the  data  range  (shaded  area).  Other  than  adding  a  few  qualify¬ 
ing  remarks,  the  Presentation  of  Results  subsection  does  not  consider  these 
data  in  any  greater  detail  than  is  found  in  the  summary  plots.  However,  all 
of  the  a/ailable  data  (from  both  the  25,000-lb  and  Titan  tests)  are  presented 
In  Section  2  of  Vol.  2  in  order  that  the  data  may  be  examined  in  greater 
detail. 
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Fig.  6-18.  Summary  Plots  of  Radiant  flux  Density  Outage  the  Fireball 
for  25,000-lb  LO2/LH2  Tes-ue 
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General ly  ,  three  radiometers  were  used  oer  test,  two  at  335  ft  from  ground 
ssero  along  radial  gaui,e  lines  120  deg  from  eahh  other  (gauge  llr.es  A  and  B) , 
with  the  third  at  600’  ft  from  ground  zero  along  one  of  these  gauge  lines  (along 
gauge  line  A).  For  only  two  tests „  however,  were  satisfactory  data  acquired 
from  both  radiometers  at  335  j  i:.  iFor  one  of  these  two  tests,  Test  278,  the 

v-  j> 

flux  at  335  ft  along  gauge  lime  B  rose  during  the  later  stages  of  the  heating 
pulse  to  a  value  significantly  larger  than  that  from  the  corresponding  335-ft 
gauge  line  A  station,  as  seen  in  Fig.  8-19,  Photographic  coverage  indicates 
that  ths  fireball  drifted  toward  the  gauge  line  B  station,  thereby  accounting 
for  the  inflated  value.  Gauge  line  B  data  from  this  test  were  consequently 
not  used  in  the  construction  of  the  summary  plot  of  Fig.  6-17.  The  data  from 
gauge  line  A,  even  though  somewhat  deflated  for  the  same  reason,  were  used, 
however,  since  their  deflation  will  tend  to  be  less  pronounced.  This  compara¬ 
tively  extreme  example  has  been  mentioned  primarily  to  illustrate  the  'coarse 
nature"  of  these  data,  because  such  physical  occurences,  but  cf  lesser  degree, 
were  present  In  the  other  tests.  Moreover,  these  measurements  are  comparative¬ 
ly  inaccurate,  ranging,  it  is  estimated,  between  10  and  20  percent,  depending 
on  the  quality  of  a  given  raw  data  trace;  and  as  fireball  temperatures  subside, 
these  errors  tend  to  increase  due  to  energy  absorption  within  the  radiometer 
window. 

One  further  qualification  of  the  data  should  be  noted.  The  "field  of 
view"  of  the  external  radiometers  is  inherently  restricted  to  90  deg  (45  deg 
in  any  direction  from  the  instrument  "line  of  might"),  and  the  instruments  are 
directed  approximately  10  deg  above  the  horizontal.  It  is  thus  possible  for 
the  fireball  to  rise  sufficiently  to  escape  view  of  the  radiometers,  first 
from  those  at  335  ft  and  later  at  bOO  ft,  before  Its  temperature  or  radiant 
output  has  entirely  subsided.  This  occurred  noticeably  for  Test  288,  as  can 
be  seen  by  comparing  the  335  and  6Q0  ft  gauge  line  A  flux  traces  in  Fig.  6-20. 
During  the  early  stages,  the  flux  at  600  ft  should  be,  and  is  to  the  first  ap¬ 
proximation,  one-third  of  that  at  335  ft,  while  at  later  stages  this  ratio 
changes,  and  eventually  the  flux  is  greater  from  the  600-ft  Instrument.  While 
this  has  not  occurred  while  any  significant  flux  levels  persisted  it  cannot  be 
concluded  that  the  omitted  energy  from  the  fireball  has  subsided,  since  much 
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of  the  decrease  at  the  Instrument  is  due  to  Increase  in  distance  between  the 
fireball  and  the  instrument  produced  by  the  elevation  of  the  fireball.  ‘Thus 
fireball  durations  are  not  accurately  reflected  in  the  flux-time  curves.  It 
iv.  of  interest,  however,  to  compare  the  duration  for  25,000  lb  as  given  by 
Eq.  (6.2),  which  is  approximately  6  sec,  with  the  somewhat  larger  durations 
suggested  by  Figs.  6-17  and  6-18,  the  latter  averaging  approximately  7  and  11 
sec  for  LO^RP-l  and  ’W^/UBL^,  respectively.  While  the  difference  in  duration 
for  LO2/LH2  is  nearly  a  factor  of  two,  it  will  be  recalled  that  the  estimated 
standard  error  of  Eq.  (6.2)  is  34  percent. 


TIME  (SEC) 

Fig.  6-19.  Radiant  Flux  Density  Outside  the  Fireball  from  Test  278 

Radiant  flux  density  at  the  600-ft  station  for  the  Titan  test  is  given  in 
Fig.  6-21.  The  fireball  dimensions  and  their  uncertainty  prevented  interpre¬ 
tation  of  the  radiometer  data  at  the  335-ft  stations;  the  fireball  expanded 


6-51 


8 


TIME  (SEC) 

islty  Outside  the  Fireball 


•'*  I  rw* Mv*w*9mveanmK*0mma  wwi 


URS  652-35 


AFM-L-TR-68-82 


beyond  the  field  of  view  of  ail  photographic  coverage,  but  diameters  along  the 
horizontal  near  the  ground  surface  were  estimated  to  be  from  about  800  to  1000 
ft.  The  uncertainty  in  diameter  also  prevents  exact  interpretation  of  the  data 
at  600  ft. 
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Section  7 
SUPPORT  STUDIES 

Several  auxiliary  studies  involving  analytical  or  small-scale  exper¬ 
imental  work  were  initiated  in  support  of  the  PYRO  hot-test  program.  These 
include: 

«  Particle-size  studies:  an  investigation  of  the  effect  of  particle 
size  on  explosive  yield 

•  Heat  transfer  studies:  inquiry  into  the  rate  of  cooling  of  small 
fuel  drops  in  LO 

m 

•  Mixing  studies:  an  investigation  of  possible  methods  for  assessing 
the  relative  importance  of  mechanical  and  thermodynamic  forces  in 
the  mixing  process 

•  Small-scale  H„E,  tests:  a  test  series  to  obtain  data  on  the  effects 
of  detonation  conditions  on  blast  characteristics 

These  studies  were  conducted  as  the  initial  phase  of  an  overall  program 
to  investigate  the  basic  phenomena  involved  in  propellant  mixing  and  ex¬ 
plosion  processes.  This  program  w»s  initiated  because  a  better  understanding 
of  the  basic  phenomena  would  assist  in  the  overall  design  of  the  hot-test 
program,  in  the  interpretation  of  the  results  from  the  program,  and  in  the 
extrapolation  of  the  results  to  propellant  types  and  conditions  other  than 
those  tested.  It  would  also  provide  theoretical  Justification  for  the 
largely  empirical  scaling  relationship  derived  from  the  main  hot-test  program. 

The  major  goals  of  the  overall  program  were  to  establish  what  properties 
of  a  propellant  mixture  determine  or  control  the  explosive  characteristics 
of  that  mixture  and  to  find  the  predominant  mechanisms  by  which  these  de¬ 
finitive  properties  develop  during  the  propellant  mixing  process. 

The  particle-size,  heat  transfer,  and  small-scale  H.E.  tests  were  all 
directed  towards  the  first  of  the  above  goals,  the  identification  of  the 
definitive  properties  of  a  propellant  mixture. 
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The  specific  objective  of  the  particle-size  study  was  to  find  the 
variation  of  the  explosive  yield  of  LOg/RP-l  charges  with  fuel  particle  size, 
total  propellant  weight,,  and  oxidizer-to-fuel  ratio.  Previous  investigations 
(Ref.  7  -1)  had  indicated  that  the  particle  size  of  the  dispersed  fuel  was 
one  of  the  moat  Important  properties  of  a  propellant  mixture  with  regard  to 
its  explosive  potential.  These  previous  studies,  however,  were  limited  to 
only  one  oxidizer-to-fuel  ratio  and  one  charge  size,  and  to  further  under¬ 
stand  the  particle-size  effect  required  further  investigation  of  oxidizer- 
to-fuel  ratio  and  charge-size  effects. 

The  heat  transfer  study  was  the  first  step  towards  finding  the  effect, 
if  iny,  that  oxygen  gas  films,  which  are  prevalent  during  the  film  boiling 
of  L0„  over  fuel  surface,  may  have  on  explosive  yield  of  the  IX)  /RP-1  pro- 
pellant  mixture.  The  importance  of  this  situation,  if,  in  fact,  it  does 
occur,  is  that  charges  composed  of  particles  with  gaseous  envelopes  (due  to 
boiling  at  the  particle  surface)  might  have  explosive  properties  different 
from  those  of  charges  in  which  the  fuel-particle  surfaces  are  in  contact  with 
oxygen  in  the  liquid  phase.  A  charge  composed  of  particles  of  fuel  enveloped 
in  gaseous  oxygen  wouxd  necessarily  be  reduced  in  charge  density  because  of 
the  presence  of  boiling  films  on  the  fuel-particle  surfaces.  It  might  also 
develop  lower  exrlosive  yield,  owing  to  the  lower  concentration  of  oxygen 
in  the  gaseous  film  at  the  fuel  surface  and  the  consequently  less  favorable 
conditions  for  rapid  reaction,  which  would  support  the  detonation  wave. 

The  specific  objective  of  the  heat  transfer  study  was  to  determine  the 
time  required  to  cool  RP-1  fuel  particles  below  the  temperature  at  which  film 
belling  prevails.  If  the  cooling  times  were  an  order  of  magnitude  (or  more) 
less  than  the  time  required  for  breakup  of  major  propellant  masses,  it  could 
be  concluded  that  only  an  insignificant  proportion  of  fuel  drops  capable  of 
contributing  to  explosive  yield  could  be  in  the  cooling  process  at  any  given 
point  in  time;  and  hence,  the  problem  of  the  possible  effect  of  the  film 
layer  on  the  yield  could  be  ignored. 
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The  mixing  study  was  directed  towards  the  second  long-range  goal,  finding 
the  predominant  mechanisms  by  which  spilled  propellants  form  explosive 
mixtures.  The  specific  objective  was  to  formulats  an  experimental  approach 
for  determining  the  relative  importance  of  the  two  major  mechanisms  postulated 
for  mixing  of  cryogenic  propellants, 

e  the  kinetic  energy  of  the  flowing  fluids 

e  turbulence  created  by  the  effects  of  boiling  heat  transfer 

The  method  considered  depends  on  using  a  simulant  for  RP-1  which  can  be 

precooled  to  the  approximate  temperature  of  LO  and  have  essentially  the  same 

properties  at  this  temperature  that  RP-1  has  at  room  temperature.  Mixing 

of  the  precooled  simulant  fuel  and  L0_  would  thus  be  solely  due  to  flow 

2 

processes  while  LO  /RP-1  mixing  under  the  same  conditions  would  be  due  to 
both  heat  transfer  and  flow  processes.  The  rc  Lative  explosive  yields  measured 
for  the  two  kinds  of  fuel  in  the  same  mixing  geometry  would  thus  reveal  the 
relative  importance  of  each  mixing  process. 

Because  of  the  relatively  limited  effort  available  in  the  PYRO  program 
for  these  types  of  basic  studies,  it  was  not  possible  to  pursue  any  of  them 
very  far.  The  progress  which  was  made  on  each  study,  however,  is  covered 
in  the  following  subsections  along  with  a  brief  description  of  the  recommended 
follow-on  work.  Also  included  is  an  outline  of  additional  areas  which  warrant 
study  as  part  of  the  overall  program  to  investigate  propellant  mixing  and 
explosion  processes. 

PARTICLE- SIZE  STUDY 

It  has  been  hypothesized  that  the  following  properties  of  a  mixture  of 
L02/rp-i  might  uniquely  determine  its  explosive  yield: 
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«  Interface  area  of  the  two  propellants  per  unit  volume  of  mixture 

•  Uniformity  of  distribution  of  interface  area  within  the  mixture 

•  Total  weight  of  propellants  in  the  mixture  and  its  geometrical 
configuration 

In  the  ca&s  of  L02  and  LH^  mixtures,  it  would  likely  be  necessary  to 
include  factors  influencing  the  contribution  of  ga3-phase  detonation  to  the 
over-all  explosive  yield. 

The  particle-size  studies  were  started  to  investigate  the  effects  of 
each  of  tha  hypothesized  definitive  properties  listed  above  on  the  explosive 
properties  of  mixtures  of  LO /hydrocarbon  fuel,  using  charges  composed  of 

dt 

paraffin  particles  of  known  uniform  size  in  LO  ,  It  has  been  shown  in 

A  * 

previous  work  (Ref.  7-1)  that  perfectly  mixed  or  adsorbed-fuel  charges 
composed  of  paraffin  in  L0g  produce  the  same  yield  as  perfectly  mixed  LO 2/ 
RP-1  charges  cf  the  same  weight  ratio  of  oxidant  and  fuel.  Paraffin  can, 
therefore,  be  used  as  an  excellant  simulant  for  RP-1  in  test  charges,  with 
the  advantage  that  properties  such  as  Interface  area  per  unit  volume,  etc., 
can  be  controlled  by  the  use  of  preformed  and  sized  particles  in  the  test 
charges . 

Particle  size,  at  a  given  ratio  of  oxidizer  to  fuel,  determines  the  in¬ 
terface  area  of  the  propellants  per  unit  volume.  It  has  been  demonstrated 
in  previous  work  (Refs.  7-1,  2)  that  the  explosive  yield  of  small  test 
charges  (27  gm)  decreases  as  particle  size  of  the  fuel  is  increased;  however, 
these  experiments  involved  only  one  size  of  charge  and  one  ratio  of  oxidizer 
to  fuel  (3:1).  In  exploring  the  effect  of  particle  size  on  explosive  yield, 
it  is  necessary  to  Include  the  effects  of  varying  charge  size  und  the  ratio 
of  propellant  weights,  because  it  has  been  determined  that  this  ratio  affects 
yield,  and  it  may  be  expected  that  particles  of  the  same  size  would  produce 
different  yields  in  different  charge  diameters,  just  as  in  the  case  of  con¬ 
ventional  explosives. 


♦  These  are  charges  that  were  constructed  by  adsorbing  hydrocarbon  fuels, 
such  as  kerosene,  RP-1,  JP-4,  and  paraffin,  while  in  a  liquid  state,  onto 
an  inert  structural  material  like  diatomaceous  earth,  thus  providing  a 
uniformlv  dispersed  distribution  of  fuel  with,  in  effect,  a  particle  size 
that  is  a  minimum. 
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With  the  relatively  little  effort  available  for  this  study,  it  haa  not 
been  possible  to  complete  the  investigation  of  all  three  of  these  parameters, 
i.e.,  particle  site,  charge  size,  and  oxidizer-to-fuel  ratio;  the  effect 
of  charge  size,  for  example,  has  not  yet  been  explored  at  all.  nevertheless, 
from  tests  completed  so  far,  a  number  of  significant  observations  were  made 
and  some  insights  gained.  The  general  approach,  experimental  effort,  and 
results  are  described  below. 

Approach 


The  experimental  result  mentioned  previously,  in  which  it  was  observed 
tlit  for  a  given  charge  size  the  explosive  yield  decreased  with  increasing 
particle  size,  suggested  that  the  reaction  may  have  been  limited  by  trans¬ 
port  phenomena,  e.g.,  the  reaction  rate  may  not  have  been  sufficient  to 
completely  barn  up  the  larger  particles  during  the  time  in  which  the  re¬ 
action  could  contribute  its  energy  to  the  formation  of  the  blast  wave.  These 
results  gave  no  information  on  whether  or  not  all  of  the  oxidizer  enters 
the  reaction.  As  the  first  trial  hypothesis,  however,  it  was  assumed  that 
ail  of  the  oxidizer  did  enter  the  reaction. 

The  previous  experimental  results  also  indicated  that  for  fuel  particle 
sizes  small  enough  to  completely  react,  the  explosive  yield  was  dependent 
on  the  oxidizer-to-fuel  ratio.  For  particle  sizes  large  enough  that  all 
the  fuel  does  not  enter  the  reaction,  it  would  also  be  expected  that  the 
oxidizer-to-fuel  ratio  would  be  important.  In  this  case,  however,  there  is 
not  a  unique  oxidizer-to-fuel  ratio,  since  the  initial  ratio  differs  from 
the  end-point  ratio  (the  ratio  of  oxidizer  to  fuel  actually  reacted) .  Since, 
with  the  hypothesis  discussed  above,  the  unreacted  kernel  of  each  particle 

could  be  replaced  with  inert  material,  ic  was  assumed  for  the  initial 

* 

hypothesis  that  it  was  tne  end-point  ratio  that  was  most  important.  In 


*  In  actuality,  the  use  of  a  simple  parameter  to  characterize  the  reaction 
process  for  incomplete  reactions,  such  as  either  the  initial  or  end-point 
oxidizer-to-fuel  ratio  for  the  case  of  large  particles,  may  not  provide  a 
complete  explanation,  since  the  effects  of  this  parameter  no  doubt  enter 
in  complex  ways.  At  this  time,  however,  consideration  was  limited  to 
defining  this  parameter  only  in  terms  of  these  two  ratios,  since  they  are 
the  only  values  that  can  be  determined  experimentally  without  making 
additional  assumptions. 
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applying  the  above  concept,  end-point  ratios  would  be  determined  from  know¬ 
ledge  of  the  initial  ratio  and  from  a  ratio  of  reacted  to  unreacted  fuel. 

Any  selection  of  the  latter  ratio  uniquely  fixes  both  the  total  mass  of  re¬ 
actants  relative  to  the  initial  mass  and  the  end-point  ratio. 

The  fuel-limited-reaction  concept  is  seen  to  lead  to  two  sources  of 
change  in  explosive  yield  associated  with  increase  in  fuel  particle  size,  one 
acting  always  to  reduce  the  charge  yield,  because  of  reduced  charge  weight 
due  to  unreacted  fuel,  and  the  other  acting  to  either  decrease  or  increase  the 
charge  yield  in  accordance  with  the  end-point,  or  effective,  reaction  ratio  of 
oxidizer  to  fuel.  The  net  of  both  of  these  effects  determines  the  explosive 
yield  in  a  given  charge.  This  simplified  fuel-limited  version  of  the  transport- 
limited  concept  obviously  lacks  the  sophistication  of  a  method  for  excluding 
any  L0o  in  the  transport  process,  but  the  nature  of  the  observations  should 
provide  further  insights  into  the  processes.  The  experimental  information 
required  is  discussed  below. 

By  conducting  additional  tests  with  adsorbed-fuel  charges  in  the  current 
program,  a  more  complete  spectrum  of  explosive  yields,  as  a  function  of  the 
end-point  ratio  of  oxidizer  to  fuel,  has  been  obtained.  With  this  more  complete 
set  of  data,  an  iterative  process  may  be  used  to  determine,  from  subsequent, 
experimentally  measured  yields  on  particulate-fuel  charges,  an  effective  end¬ 
point  LO  -to -fuel  ratio  and  hence  a  corrected  charge  weight.  Repetition  of  the 
process  finally  results  in  fixing  the  weight  of  fuel  unreacted.  The  spherical 
fuel-particle  geometry  used  makes  it  possible  to  calculate,  from  the  inferred 
weight  of  fuel  unreacted,  a  value  for  the  depth  of  the  layer  of  fuel  burned 
off  the  surface.  Thus,  it  is  possible  to  plot  layer  thickness  consumed  as  a 
function  of  particle  size. 

Several  other  concepts  aid  in  drawing  inferences  from  the  available 
information.  It  would  seem  reasonably  to  expect,  for  a  given  charge  weight, 
that  at  each  initial  ratio  of  oxidizer  to  fuel  there  will  be  a  different  upper 
limit  to  the  fuel  particle  size  effectively  completely  reacted,  i.e.,  the  size 
which  will  give  the  same  yield  as  the  ideal  adsorbed-fuel  charges.  It  may  be 
further  expected  that  this  size  will  increase  with  increases  in  the  initial 
ratio  of  oxidizer  to  fuel  because  of  a  higher  probability  of  unreacted  material 
cc«ing  together  during  the  time  available  for  such  to  still  contribute  to  the 
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main  reaction.  There  may  also  exist  some  particle  size  and,  as  previously 
mentioned,  some  Initial  IjO^-to-fuel  ratio  above  which  reaction  rates  are  LOg- 
transport  limited.  This  would  of  course  affect  the  yield  and,  further,  could 
act  to  alter  the  nature  of  peak  pressure  fall-off  with  distance. 

Finally,  the  qualitative  effect  of  an  increase  in  charge  size  is  anti¬ 
cipated  to  operate,  as  in  a  conventional  explosive,  to  provide  an  increase  in 
the  time  for  the  reaction  to  occur.  Thus,  as  charge  size  increases,  it  is 
anticipated  that  the  size  of  the  fuel  particle  that  is  effectively  completely 
reacted  at  each  L0o-to-fuel  ratio  will  increase  also.  With  sufficient  data  of 
this  sort,  the  postulated  concept  of  an  effective  burning  or  reaction  rate 
might  be  examined  experimentally. 


Experimental  Method 


The  paraffin  particles  used  In  the  experiments  were  produced  by  atom¬ 
ization  of  liquid  paraffin.  The  particles  solidify  while  settling  a  distance 
of  about  8  ft  through  the  air.  The  solidified  particles  pass  through  an 
opening  in  the  upper  wall  of  a  horizontal  duct  of  rectangular  cross  section. 

Air  flow  velocity  in  the  duct  was  regulated  so  that  particles  of  different 
sizes  in  the  range  of  experimental  Interest  (10  to  400  p  diameter)  were  sepa¬ 
rated  owing  to  their  differing  fall  rates  within  the  duct.  The  sized  particles 
were  collected  from  appropriate  areas  of  the  floor  of  the  duct.  The  particles 
were  further  graded  accurately  to  narrow  size  ranges  by  sieving  them  while 
they  were  bathed  in  LN0 . 

The  uniformly  sized  particles  were  dispersed  in  kleselguhr,  from  which 
test  charges  were  formed.  The  proportion  of  kieselguhr  and  its  compaction 
in  the  charge  was  adjusted  so  that  it  would  absorb  an  amount  of  LO^  corres¬ 
ponding  to  the  desired  L0  -to-fuel  weight  ratio  when  immersed  in  L0  .  It  has 
been  shown  in  previous  experimental  work  that  the  amount  of  kieselguhr  required 
does  not  significantly  affect  the  explosive  yield  (Ref,  7-3) . 

After  a  charge  was  constructed,  it  was  frozen  and  then  introduced  into 
a  lightweight  wire-mesh  basket  constructed  of  household  screening  material. 

The  basket  prevents  erosion  of  tht  charge  when  it  is  finally  introduced  into 
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the  IX>2  bath  prior  to  detonation  and  holds  the  Prim&cord  securely  in  place. 

A  typical  charge  can  be  seen  in  Fig.  7-1.  (For  purposes  of  the  photograph, 
the  wire  tabs  that  secure  the  Primacord  have  been  bent  aside.) 

After  the  charge  l»au  jioaked  in  the  bath  long  enough  to  assure  complete 
penetration  of  the  LO  it  was  rapidly  withdrawn  by  means  of  a  manually  operated 
pulley  arrangement  and  detonated  by  an  explosive  cap  attached  to  the  Primacord. 
Side-on  pressure  —time  measurements  of  the  resulting  blast  wave  were  made  with 
a  series  of  four  Kistler  605  piezoelectric  pressure  gauges  mounted  at  various 
distances  from  the  charge.  The  pressure  gauges  were  calibrated  before  and 
after  each  test  series  in  a  shock  tube,  and  standard  high-explosive  charges 
were  used  for  field  calibration  and  for  establishing  the  reference  peak- 
overpressure-versus -distance  curves  used  in  computing  explosive  yield  values. 

Experimental  Results 

The  primary  objectives  of  the  experimental  program  have  been  to  test 
the  validity  of  portions  of  the  concepts  discussed  earlier  and  to  gain  in¬ 
sights  into  controlling  processes. 

The  first  experimental  effort  consisted  of  extending  the  quantitative 
relationship  of  maximum  explosive  yield  versus  the  ratio  of  oxidizer  to  fuel 
to  higher  ratios  by  means  ox  adsorbed-fuel  (kerosene)  charges  of  27  gm  total 
weight.  A  plot  cf  these  data  appears  in  Fig.  7-2.  This  particular  quantitative 
relationship  may  be  considered  to  be  invariant  with  charge  size,  since  all  the 
material  reacts  in  time  to  contribute  to  explosive  yield.  This  is  supported 
by  the  fact  that  the  theoretical  calculations  (Ref.  7-4) ,  based  on  all  material 
reacting,  agree  with  the  experimentally  measured  values  and  that  the  maximum 
experimentally  measured  yield  is  seen  to  occur  at  a  ratio  of  3:1,  where  the 
theoretical  maximum  is  expected.  Ratios  greater  or  less  than  3:1  result  in 
reduced  yields. 

In  addition  to  measurements  of  explosive  yields  at  higher  ratios  of 
oxidizer  to  fuel,  tests  were  conducted  with  the  initiator  only  and  with  standard, 
oxygen-soaked  adsorbed  charges,  in  which  water  was  substituted  for  the 
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hydrocarbon  fuel.  The  objective  of  these  tests  was  to  set  a  lower  limit  to 
yields  and  an  upper  limit  to  ratios  of  oxidizer  to  fuel  that  would  be  meaning¬ 
ful.  It  is  seen  in  Fig.  7-2  that  no  specific  conclusions  can  be  drawn  where 
oxidizer-to-fuel  ratios  are  above,  say,  about  20:1  or  where  yields  are  below 
7  percent  TNT  equivalent. 

The  second  experimental  effort  was  aimed  at  determining  the  effect  of 
particle  size  on  explosive  yield  for  an  initial  LOg-to-fuel  ratio  other  than 
the  previously  studied  ratio  of  3:1,  where  maximum  yield  occurs.  Figure  7-3 
shows  a  plot  of  yield  versus  particle  size  at  the  ratio  of  3:1,  obtained  from 
data  in  Refs.  7-1  and  7-2.  Figure  7-4  shows  the  results  obtained  in  the  present 
study  for  an  oxidizer-to-fuel  ratio  of  5:1#  plotted  in  the  same  manner.  In 
both  Figs.  7-3  and  7-4  the  vertical  lines  Indicate  the  yield  for  the  case  where 
the  initial  and  end-point  ratios  are  the  same,  i.e.,  for  adsorbed  fuel  charges. 
Thus,  it  may  be  inferred  that  the  point  of  intersection  of  these  lines  with 
the  yield-versus-particle-size  line  indicates  the  maximum  particle  diameter 
effectively  completely  reacted.  This  would  be  2  ju  at  3:1  and  28  fi  at  5:1.  In 
addition,  the  two  plots  indicate  an  exponential  decrease  in  yield  with  in¬ 
creasing  particle  size,  approaching  the  yield  of  the  initiator  asymptotically. 
The  rate  of  decrease  has  an  apparent  dependence  on  the  initial  ratio  of  oxidizer 
to  fuel;  but  as  noted  earlier,  it  was  assumed  that  the  correct  view  is  to 
consider  it  on  the  basis  of  the  final  effective  LO^-to-fuel  ratio,  which 
ultimately  depends  on  the  weight  of  fuel  actually  burned  off  the  particle 
surfaces. 


Reconsider,  in  the  light  of  the  previous  paragraph,  the  information  con- 
tained  in  Fig.  7-2.  Since  all  the  fuel  is  apparently  consumed  these  data  can 
also  be  interpreted  as  indicating  the  yield  to  be  expected  for  any  reaction 


*  It  was  anticipated  that  some  of  the  organic  composition  of  the  Primacord 
would  react  with  the  liquid  oxygen  to  give  a  slightly  increased  yield. 

**  These  data  are  for  adsorbed-fuel  charges,  where  no  transport  problems 
are  considered  to  exist,  i.e.,  the  subdivision  and  distribution  of  fuel 
and  oxidant  is  considered  to  be  such  that  every  molecule  of  fuel  has  in 
its  immediate  vicinity  all  the  oxidant  necessary  for  a  complete  reaction 
at  the  ratio  indicated. 


i 


7-11 


Particle  Diameter 


«■  a.-^«»vl>w!’:fv'  *s  w^^fte,e%'VMHniML  ft;  « 4?*fwiG£9Kli4$ *vfk :'  A  '?$&$  ^ 


URS  652-35 


AFIU‘L-TR-63-92 


Fig.  7-3.  Explosive  Yield  vs  Fuel  Particle  Diameter  for  3:1  Ratio 
of  i!02-to-Fuel 
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In  terms  of  its  ultimate  end-point  LO„-to-fuel  ratio.  As  an  example,  let  this 

-v.  ..  ..  >  .  ^ 

concept  be  applied  directly  to  calculate  the  yield,  as  a  function  of  various 
end-point  LO^-to-fuel  ratios,  tV"\t  is  to  be  expected  from  a  charge  initially 
composed  of  13.5  ga  each  of  LO^  and  f.  el.  In  this  computation,  selection  of 
an  ond-polnt  ratio  fixes  t.he  amount  of  fuel  that  does  not  enter  the  reaction. 

Table  7-1  Indicates  the  net  effect  on  explosive  yield  for  such  a  situation. 

The  data  in  Table  7-1  are  summarized  in  the  plot  in  Figure  7-5,  which  also 
shows  the  net  effect  of  the  change  in  ratio  and  the  corresponding  loss  in 

active  charge  weight  on  yield.  It  is  evident  from  both  the  table  and  the  plot 

that  the  postulate  of  yield  dependence  on  end-point  LO  -to-fuel  ratio  results 

A 

in  an  expected  higher  absolute  yield  if  some  of  the  fuel  fails  to  enter  the 
reaction.  In  fact,  if  anywhere  up  to  four-fifths  of  all  the  fuel  is,  for 
some  reason,  unreacted,  the  yield  is  seen  to  be  either  equal  to  or  higher 
than  the  case  where  iOO  percent  of  the  fuel  reacts.  At  an  end-point  ratio 

between  2.5:1  and  3:1,  the  plot  demonstrates  that  the  mean  yield  has  increased 

to  its  peak  value,  or  about  88  percent  TNT  versus  the  51  percent  at  1:1. 

Additional  experiments  were  conducted  at  an  initial  LOg-to-fuel  ratio  of 

1:1,  using  fuel  particles  in  the  74-  to  104-^  range  (mean  size  by  volume  of 

87  fji)  and  the  256-to  420-ji  range  (mean  size  by  volume  of  333  p)  .  Both  sets 

of  tests  resulted,  as  postulated  above,  in  mean  yields  higher  than  57  percent 

TNT  equivalence.  The  smaller,  87 -/x,  size  produced  a  mean  yield  of  84  percent, 

and  the  333-pi  size  produced  a  mean  yield  of  61  percent.  Each  of  these  yields 

could  correspond  to  two  different  end-point  ratios,  as  seen  in  Fig.  7-5. 

Nevertheless,  it  may  be  inferred  that  if  the  333-^  size  shows  the  lower  mean 

yield  of  the  two,  it  must  therefore  be  at  the  higher  of  the  two  end-|  «.nt 

ratios  possible.  This  would  correspond  to  an  L02-to-fuel  ratio  of  1.  :1  and 

21  percent  of  the  fuel  reacted  by  volume.  Hence,  the  surface  layer  burned 

off  the  radius  would  be  about  7  percent  or  11.7  Consequently,  it  might 

be  further  inferred  that  a  23,.4-fj.  particle  (2  x  11.7  p  layer  burned  off)  must 

surely  have  the  same  eno-point  ratio  if  the  initial  ratio  is  4.8:1,  i.e.,  that 

a  particle  size  at  least  23.4  ^  in  diameter  would  be  completely  consumed  if 

* 

incorporated  in  a  charge  with  an  initial  ratio  of  4.8:1.  Examination  of 

*  Actually  a  larger  size  should  react  completely  at  this  initial  ratio  since 
at  every  stage  of  the  reaction  the  effective  ratio  will  be  higher  than  for 
an  initial  ratio  of  1:1  with  the  end-point  ratio  of  4,8:1. 


EXPLOSIVE  YIELD  (% -RELATIVE  TO  TNT) 
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Fig.  7-5.  Explosive  Yield  as  a  Function  of  End-Point  LC2--to-Fuel  Ratio 
for  an  Initial  LO^-to-Fuel  Ratio  of  1;) 
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Fig.  7-4  shows  that  28  n  is  the  largest  particle  size  at  an  initial  ratio  of 
5:1  that  is  expected  to  have  an  end-point  ratio  of  5:1,  Thus,  the  hypotheses 
and  inferences  are,  so  far,  consistent. 

For  initial  L0o-to-fuel  ratios  of  3:1  and  5:1,  Table  7-2  presents  layer 
« 

thicknesses  inferred  to  have  reacted  off  the  outs. ide  of  the  spherical  fuel 
particles.  The  information  was  calculated  on  the  basis  of  the  fuel-limited- 
reaction  concept  by  using  information  of  the  type  presented  in  Table  7-1. 
Implicit  in  Table  7-1  is  a  relationship  between  yield  (the  information  in 
Column  6)  anti  reacted  layer  thickness  as  computed  from  the  portion  of  fuel 
reacted  (wMc.i  can  be  determined  from  Information  on  the  amount  of  fuel 
unreacted,  given  in  Column  2) .  Thus,  the  experimentally  measured  relation¬ 
ships  between  yield  and  particle  size  allows  layer  thickness  reacted  to  be 
related  to  particle  size  for  a  given  initial  LO^-to-fuel  ratio.  It  is  rather 
surprising  that  within  experimental  limits  of  error,  there  appears  to  be 
a  constant  layer  thickness  reached  (i.e.,  completely  independent  of  par¬ 
ticle  size)  for  the  case  where  the  initial  LO  -to-fuel  ratio  is  5:1,  but 
when  the  initial  ratio  is  3:1  (i.e,,  slightly  less  than  stoichiometric), 
there  appears  to  be  an  ever-increasing  layer  thickness  reacting  as  particle 
size  is  increpsed.  The  apparent  explanation  for  what  appears  at  this  time 
to  be  "anomalous"  behavior  in  the  fuel-limited-reaction  concept  is  simply 
that  the  more  sophisticated  transport-limited  concept  involving  limitations 
on  the  LO  transport  seems  to  be  required.  The  existence  of  an  absolute  limit 
on  I.Og  transport  would  be  more  compatible  with  observations  that  indicate  a 
constant  layer  thickness  of  fuel  consumed  when  much  excess  LO^  is  available, 
as  at  the  5:1  initial-ratio  condition. 

Summary 


A  summary  plot  incorporating  most  of  the  available  data  and  hypotheses 
and  based  on  the  various  inferences  discussed  appears  in  Fig.  7-6  which  is  a 
plot  of  explosive  yield  vs  Initial  LO^-to-fuel  ratio  for  a  range  of  fuel 
particle  sizes.  From  it,  rough  predictions  can  be  made  with  regard  to  test 
results  anticipated  from  particulf.te-fuei  charges  in  regions  where  extrapolation, 
rather  than  interpolation,  is  required  (for  example,  at  higher  initial  LOg-to- 
fuel  ratios) . 
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transfer  coefficient  appropriate  to  the  successive  boiling  regimes  prevalent 
in  the  cryogenic  at  the  particle  surface.  Boiling  heat  transfer  coefficients 
reported  in  the  literature  have  been  measured  under  nontransient  conditions 
at  the  surface  of  solid  metal  heaters  immersed  in  cryogenic.  These  coefficients 
have  varied  in  different  investigations  by  factors  of  2  to  5.  In  our  cal¬ 
culation  of  particle  cooling  curves,  the  heat  transfer  surface  (a  spherical 
RP-1  droplet)  is  liquid  during  part  of  the  cooling  process,  and  the  heat 
transfer  process  is  transient  rather  than  steady,  so  that  the  heat  transfer 
coefficient  assumed  to  prevail  at  the  particle  surface  was  even  more  uncertain 
than  the  reported  experimental  values. 

To  place  the  cooling  curve  calculations  on  a  more  secure  basis,  it  was 
decided  to  obtain  an  experimental  measurement  of  the  boundary  heat  transfer 
coefficient  under  conditions  directly  applicable  to  the  calculations,  i.e., 
at  the  boundary  of  a  cooling  RP-1  fuel  particle  in  cryogenic.  The  experimental 
method  sought  was  the  least  sophisticated  one  capable  of  providing  the  desired 
measurement.  The  precision  desired  was  only  that  required  to  determine  whether 
the  heat  transfer  coefficient  at  the  boundary  of  cooling  particles  was  within 
the  range  reported  for  steady  boiling  heat  transfer  from  a  solid  heater  in 
cryogenics  or  whether  it  was  significantly  outside  this  range. 

Basically  the  measurement  consisted  of  obtaining  an  approximation  to  the 

* 

heat  transfer  rate  by  measuring  the  rate  of  vaporization  of  liquid  cryogenic 
surrounding  an  initially  liquid  RP-1  particle  that  was  injected  under  the 
cryogenic  surface.  Measurement  of  the  bubble  volume  in  time,  together  with 
the  diameter  of  the  responsible  particle,  was  accomplished  through  photographic 
recording  of  the  region. 

While  the  particle  density  is  greater  than  that  of  the  cryogenic,  the 
vapor  formation  surrounding  the  particle  results  in  the  ascension  of  both  to 
the  surface  during  film  boiling.  In  order  to  maintain  the  particle's  pcsition 
below  the  surface  and  within  camera  view  throughout  a  sufficient  portion  of 
the  cooling  period,  an  arrangement  permitting  an  adjustable,  downward  fluid 
flow  was  used.  This  consisted  of  a  vertical  glass  tube  (1/2  in.  in  diameter) 
dilated  at  the  upper  end  to  form  a  reservoir  and  a  coneshaped  rod,  which  was 


*  Liquid  nitrogen  was  used  in  place  of  liquid  oxygen. 
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inserted  in  the  lower  end  of  the  tube  and  which  provided  a  means  of  controlling 
the  flow  rate.  (Particles  entering  the  nucleate  boiling  region  proceeded 
downward  even  *hough  the  flow  was  stopped.) 


Vapor  generation  through  heat  transfer  to  the  liquid  by  other  than  the 
particles  required  minimization  to  the  extent  that  particle-generated  bubbles 
could  be  distinguished.  To  this  end,  heat  conduction  was  minimized  by 
vacuum-jacketing  the  tube,  Including  the  reservoir,  and  immersing  the  lower 
portion  of  the  tube  j.n  cryogenic.  Radiation  was  minimized  by  suitably  cover¬ 
ing  all  but  the  camera  viewing  region. 

Energy  from  the  RP-1  particles  is  not  entirely  consumed  in  the  nitrogen 
phase  change.  For  example,  volume  changes  of  the  gaseous  envelope  of  a 
particle  cause  changes  in  the  height  of  the  center  of  mass  of  the  liquid 
above  it  as  well  as  causing  changes  in  the  liquid  surface  energy  at  the  liquid  — 
gas  interface.  Temperature  rises  of  the  gaseous  envelope  above  the  liquid 
nitrogen  temperature  also  account  for  some  energy.  Estimates  of  the  relative 
magnitudes  of  energy,  however,  indicate  that  most  of  the  energy  is  consumed 
in  the  phase  change. 


To  that  approximation,  then,  the  heat  transfer  rate  is  given  as 

Ln _ 

q  -  trDzAt 
P 


where  q  is  the  average  heat  per  unit  area  per  unit  time  over  a  time  At  from  a 
particle  of  diametar  D  ,  n  is  the  number  of  moles  of  liquid  nitrogen  that  are 
vaporized  in  At  (commencing  at  the  beginning  of  bubble  formation) ,  and  L  is  the 
heat  of  vaporization  of  nitrogen  (1,330  cal/mole).  Then  n  is 


n  = 


P*Db 

6RT 


where  is  the  bubble  diameter  (assuming  »  D  )  and  p  and  T  are  the  pressure 
b  bp 

and  temperature  of  the  gas.  Thus 
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Fig.  7-6.  Summary  of  Current  Data  and  Hypotheses  Regarding  Yield 
Dependence  on  Fuel  Particle  Size 
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or  if  more  than  one  bubble  is  generated, 

L 

q  =  6RTD^AtS  Db 
P 

The  experimental  results  are  indicated  in  Table  7-3  and  a  comparison  is 
made  in  Fig.  7-10  of  the  measured  heat  transfer  rates  with  those  of  the  pool 
boiling  region  of  the  characteristic  curves  for  LNg  and  LC>2  taken  from  Hef, 

7-7,  p.  157,  The  measurements  were  average  heat  transfer  rates  over  an 
interval  of  time,  which  Implies  that  they  were  average  rates  over  a  temperature 
interval  (confined  to  the  film  boiling  region) .  However,  during  the  phase 
change  of  an  RP-1  particle,  the  particle  temperature  remains  relatively  con¬ 
stant  (the  RP-1  freezing  temperature)  throughout  a  larger  portion  of  the  cooling 


Table  7-3 

EXPERIMENTAL  HEAT  TRANSFER  COEFFICIENTS 


Particle 

Radius 

(u) 

q 

(cal/cm2-sec 

Duration  of 
Measurement 
(sec) 

Number  of 

Bubbles 

Generated 

250 

2.8 

0.05 

3 

425 

3.1 

0.09 

5 

500 

_  * 

0.15 

0.12 

2 

500 

8.4 

0.05 

6 

500 

8.8 

0.05 

10 

680 

3.8 

0.04 

4 

680 

5.0 

0.05 

5 

1,100 

1.9 

0.07 

6 

The  generation  of  only  two  bubbles  over  a  relatively  long  period  resulted 
in  an  unusually  low  heat  transfer  rate  from  this  particle.  This  was 
apparently  due  to  the  particle  having  less  motion  through  the  fluid  than 
others.  Determining  if  such  rates  are  common  would  require  more  extensive 
observations , 
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UltiKtd;,  tests  «lth  3  chirft  sice  d  t  uses  larger  by  weight  (8  ox)  , 
or  2  times  larger  In  all  linear  dimensions  than  the  27 -g*  charges,  are 
required  to  provide  a  preliminary  verification  o'  the  hypothesis  that  particles 
twice  as  large  will  then  be  consumed  to  the  same  degree.  If  this  hypothesis 
is  verified  at  the  8-oz  charge  size,  it  would  be  desirable  to  determine  if 
it  can  weather  an  additional  factor  of  5  in  linear  dimension  scaling,  or  a 
total  linear  scaling  range  of  20  to  30. 

HEAT  TRANSFER  STUDY 

The  explosive  yield  of  L0?/RP-1  mixtures  is  known  to  depend  on  the 
particle  size  or  interface  area  per  unit  volume  of  the  propellants.  Break¬ 
up  of  RP-1  is  assumed  to  proceed  by  small  drops  being  separated  from  the 
larger  mass  of  fuel  that  is  in  contact  with  LO  .  The  small  drops  of  RP-1 
freeze  rapidly  in  the  EG  to  form  a  fine-grained  mixture  capable  of  large 
explosive  yield.  The  question  arises  as  to  whether  a  major  proportion  of 
the  fuel  particles  in  a  fine-grained  mixture  in  LC>2  could,  at  any  time  in 
the  breakup  process,  be  in  that  stage  of  their  cooling  process  in  which  they 
are  individually  enclosed  in  gaseous  oxygen  envelopes.  The  possibility  of 
such  a  situation  developing  will  obviously  depend  on  the  cooling  times  of 
small  RP-1  particles  ir.  LO  being  of  the  same  order  of  magnitude  as  the  time 
required  for  the  entire  fuel  mass  to  break  up  into  drops.  The  importance  of 
the  situation,  if  it  does,  in  fact,  occur,  is  that  charges  composed  of 
particles  with  gaseous  envelopes  (due  to  boiling  at  the  particle  surface) 
might  have  explosive  properties  different  from  those  of  charges  in  which  the 
fuel-particle  surfaces  are  in  contact  with  oxygen  in  the  liquid  phase.  A 
charge  composed  of  particles  of  fuel  enveloped  in  gaseous  oxygen  would 
necessarily  be  reduced  in  charge  density  because  of  the  presence  of  the  boiling 
films  on  the  fuel-particle  surfaces.  It  might  also  develop  lower  explosive 
yield,  owing  to  the  lower  concentration  of  oxygen  in  the  gaseous  film  at  the 
fuel  surface  and  the  consequently  less  favorable  conditions  for  a  rapid 
reaction  to  support  the  detonation  wave. 

The  cooling  rates  of  small  RP-1  particles  in  LC>2  have  been  calculated 
as  a  part  of  the  study  of  this  phenomenon.  The  objective  was  t.o  determine 
whether  the  time  required  for  small  RP-1  particles  to  cool  in  LC>2  is  of  the 
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Fig.  7-10.  Comparison  of  Measured  Heat  Transfer  Rates  and  Typical  Pool  Boiling  Curve 
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*tr«  an  ordkr  of  BJgni tude  (or  aort)  lass  than  the  tint  required  for  breakup 
of  Mjor  propellant  Basses,  ft  could  be  concluded  that  only  an  insignificant 
proportion  of  fuel  drops  capable  of  contributing  to  explosive  yield  could  be 
In  the  cooling  process  at  a  given  point  In  tine,  and  hence,  the  problea  of 
their  possible  effect  on  the  ylild  could  be  Ignored. 

In  addition  to  providing  this  insight,  the  cooling  rate  of  small  par¬ 
ticles  of  RP-1  fuel  in  LO  is  of  interest  because  It  is  one  aspect  of  the 
overall  heat  transfer  process  between  RP-1  fuel  and  LO^ .  It  is  thought 
that  the  boiling  hvat  transfer  between  the  fuel  and  IX>2  may  be  the  major 
source  of  agitation  causing  mixing  of  the  two  propellants  In  most  cases. 

The  fur  1-particle  size  range  of  interest  was  that  capable  of  producing 
substantial  explosive  yields  when  charges  so  constituted  were  detonated 
when  mixed  with  L02-  The  determination  of  this  range  of  fuel  particle  size 
and  Its  variation  with  charge  size  was  the  objective  of  our  program,  described 
elsewhere  in  this  section,  to  study  the  effect  of  fuel-particle  size  on  the 

explosive  yield  of  charges  composed  of  L0_  and  paraffin  particles.  The  latter 

A 

investigation  was  not  continued  beyond  the  smaller  charge  size,  so  that  no 
information  was  obtained  as  to  what  fuel-particle  sizes  could  be  expected  to 
produce  large  explosive  yields  at  the  larger  scale  sizes. 

The  size  of  the  largest  particles  of  interest  in  the  investigation  of 
fuel-particle  cooling  rates  is,  therefore,  not  presently  known.  Owing  to 
this  fact,  the  calculation  of  particle  cooling  rates  was  limited  to  particles 

not  larger  than  about  1  mm  in  diameter  for  the  present. 

In  the  course  of  calculating  the  particle  cooling  rates,  it  was  found 
that  the  weakest  point  in  the  calculation  wus  the  value  to  be  assigned  to 
the  boiling  heat  transfer  coefficient  for  L02  boiling  on  the  surface  of  RP-1 
fuel  particles.  To  strengthen  this  part  of  the  work,  an  experimental  measure¬ 
ment  was  made  of  this  heat  transfer  coefficient. 
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period  and  also  throughout  most  of  the  measurements.  In  Fig.  7-10,  therefore, 
the  measured  values  are  plotted  at  the  RP-1  freezing  temperature.  The  RP-1 
heat  transfer  rates  are  seen  to  be  in  the  neighborhood  of,  but  slightly  higher 
than,  those  for  other  cases. 

Complete  agreement  of  the  data  is  not  to  be  expected,  owing  to  the  large 
number  of  variables  known  to  affect  boiling  heat  transfer  and  the  fact  that 
the  HP-1  fuel  particles  constitute  a  heat  transfer  surface  different  from  any 
for  which  heat  transfer  rates  have  been  reported  heretofore.  A  systematic 
presentation  of  the  effect  of  variables  affecting  boiling  heat  transfer  has 
been  made  by  J.  W.  Westwater  (Ref.  7-8),  in  whicn  data  are  presented  to  show 
that  a  factor  of  two  in  boiling  heat  transfer  coefficient  can  result  from  a 
change  of  material  composing  the  heat  transfer  surface  alone.  Comparable 
effects  attend  changes  ir.  other  significant  variables. 

Since  the  measurements  were  made  in  an  effort  to  decrease  the  uncertainty 
of  calculations  of  cooling  times  based  on  heat  transfer  coefficients  reported 
for  fixed,  solid  heater  surfaces  and  since  the  results  suggest  that  somewhat 
higher  coefficients  are  more  appropriate  fo~  RP-1  spheres,  i.ae  t.ifecv  f 
applying  higher  values  on  cooling  times  (ranging  from  2.5  to  10  times)  for 
particles  having  radii  of  5.5  and  220  ^  has  been  illustrated  in  Figs.  7-11 
and  7-12.  A  relationship  closely  approximating  an  inverse  is  seen  to  exist 
between  increase  of  heat  transfer  coefficient  and  time  to  reduce  temperature 
difference  between  particle  surface  and  L02  to  a  small  value,  say,  40°K.  Tr.at 
is,  increasing  the  heat  transfer  coefficient  by  a  factor  of  ten  requires  one- 
tenth  the  time  to  reach  =  90 °K, 

Throughout  the  experiment,  there  occasionally  were  particles  observed  in 
which  the  manner  of  bubble  generation  was  distinctly  different  in  that  re¬ 
latively  small  bubbles  left  the  particle  but  at  a  relatively  high  rate.  Further, 
the  particle  had  no  observable  gaseous  envelope,  and  or.  all  occasions  such 
particles  descended  through  the  liquid,  suggesting  that  there  was  probably 
little  or  no  gaseous  envelope.  These  particles  had  radii  less  than  about  450  n 
(however,  only  four  such  particles  were  observed)  and  were  observed  at  times 
greater  than  about  0.15  sec.  They  had  apparently  extended  into  the  nucleate 
boiling  region.  In  particular,  two  of  the  particles  had  radii  of  425  and  340  n 
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Cilcu>»ttoe  of  Par  tie  It  Cooling  >it«i 

In  the  computation  ol  the  particle  cooling  rste,  it  is  essused  that 
the  particles  remain  spherical  In  shape.  This  assumption  Is  valid  for 
particles  sufficiently  small  that  forces  due  to  surface  tension  greatly 
exceed  those  due  to  gravity  and  Inertia.  In  the  case  of  larger  masses  of 
fuel,  for  which  gravity  and  "nertial  forces  predominate,  the  agitation  of 
the  fluids  due  to  boiling  heat  transfer  between  RP-1  and  L02  can  be  expected 
to  act  on  the  mass  of  fuel,  continuously  deforming  its  shape,  and  temper¬ 
ature  gradients  within  the  mass  at  any  time  must  also  be  a  function  of  the 
changing  shape  of  the  mass  of  fuel.  Any  analytical  approach  to  the  cal¬ 
culation  of  the  cooling  rates  of  the  larger  masses  of  fuel  in  IX)^  would 
need  to  consider  the  changing  shape  of  the  fluid  mass  and  its  effect  on 
the  temperature  gradients  within  the  mass. 

Within  the  particle  of  fuel,  heat  is  transferred  by  conduction  (molec¬ 
ular  diffusion  of  heat)  and  possibly  by  convection  as  long  as  the  fuel 
remains  liquid  within  the  particle.  Similarity  of  systems  undergoing  free 
convection  is  measured  in  terms  of  Grashof's  number: 

G  *  — -  _ 


where 


p 

e 

g 

L 

P 

ft 


thermal  coefficient  of  expansion 
temperature 

acceleration  of  gravity 

a  characteristic  linear  dimension  of  the  system 
density  of  the  fluid 
fluid  viscosity 


The  appearance  of  L  to  the  third  power  in  Grashof's  number  indicates 
that  free  convection  within  otherwise  similar  particles  of  fuel  must  decrease 
very  rapidly  as  their  diameter  is  reduced.  It  has  therefore  been  assumed, 
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that  fuel  particles  small  enough  to  MlaUin  their  shape  ipprensttt!} 
constant  itll  support  negligible  internal  convection. 

For  these  particles,  the  cooling  process  can  be  represented  as  conduc¬ 
tion  of  heat  within  a  sphere  with  a  variable  flux  at  the  boundary.  The 
boundary  flux  is  that  corresponding  to  the  LCg  boiling  regime  prevalent  at 
the  particle  surface. 

Mo  satisfactory  theoretical  derivation  of  tile  flux  obtained  In  boiling 
heat  transfer  is  available,  so  that  it  Is  bent  to  use  experimentally  deter¬ 
mined  values.  Representative  curves  are  shown  In  Fig.  7-7,  in  which  the 
heat  flux  Is  plotted  against  the  difference  In  temperature  of  the  heat 
transfer  surface  and  the  saturation  temperature  of  the  boiling  liquid.  The 
curves  are  not  single -valued,  i.e,  the  same  heat,  flux  can  be  obtained  at 
more  than  one  value  of  temperature  difference. 

This  effect  is  attributed  to  the  existence  of  two  different  regimes 
of  boiling  heat  transfer,  nucleate  and  film  boiling,  with  a  third  transi¬ 
tion  regime  between  them.  It  is  worth  noting  that  the  boiling  heat  flux 
changes  by  a  factor  of  10  to  20  In  passing  from  the  nucleate  boiling  maximum 
to  the  minimum  at  the  start  of  the  film  boiling  region. 

The  heat  transfer  fluxes  corresponding  to  the  same  value  of  tempera¬ 
ture  difference  have  varied  in  different  investigations  by  factors  of  2 
to  5.  The  cause  of  this  variation  is  not  known,  but  is  thought  to  be  due 
to  variations  in  the  condition  of  the  heat  transfer  surface.  Richards, 

Steward,  and  Jacobs  in  National  Bureau  of  Standards  Technical  Note  No.  122, 
dated  October  1961,  have  surveyed  the  literature  on  heat  transfer  from 
solid  surfaces  to  cryogenic  fluids.  Their  conclusion  states,  Jn  part,  ''The 
existing  experimental  data  on  heat  transfer  between  solid  surfaces  and 
cryogenic  liquids  (helium,  hydrogen,  nitrogen,  and  oxygen)  vary  appreciably 
between  experimenters,  even  when  heater  geometries  and  orientations,  pressures, 
etc.  are  comparable.  The  variations  are  both  in  the  magnitude  of  the  heat 
flux  and  in  the  shape  of  the  heat-flux-versus-temperature- difference  curves, 
and  are  possibly  due  to  uncontrolled  parameters  such  as  surface  roughness  and 
contamination. " 
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and  were  observed  beginning  0.27  and  0.54  sec  after  injection.  Two  other 
particles,  too  small  to  resolve,  left  bubble  trails  commencing  at  0.16  and  C.21 
sec. 


Another  phenomenon  clearly  observed  only  once  was  the  sudden  disintegration 
of  a  particle.  This  was  accompanied  by  the  rapid  generation  of  a  large  bubble 
apparently  due  to  "new"  surfaces  at  relatively  high  temperatures  (for 
sufficiently  large  particles)  suddenly  being  exposed  to  the  cryogenic,  with  a 
consequent  increase  in  area  and  heat  transfer  coefficient. 

Summary 


Application  of  the  results  of  the  fuel-particle  cooling  rate  calculations 
to  deciding  the  question  of  whether  a  significant  fraction  of  the  fuel  part¬ 
icles  composing  a  high-yield  L02/RP-1  mixture  can  be  in  the  film  boiling, 
regime  at  any  instant  of  time  is  not  presently  possible  because  it  is  not  yet 
known  what  fuel  particle  sizes  contribute  to  large  explosive  yield  in  charge 
sizes  greater  than  27  gm.  Until  this  information  is  available  and  the  cooling 
rate  calculations  are  applied  it  is  not  known  whether  this  study  needs  to  be 
pursued  further.  If  it  is  found  that  film  boiling  can  occur  simultaneously 
on  a  major  fraction  of  the  fuel  particles  capable  of  contributing  to  explosive 
yield,  development  of  a  test  charge  of  known  LC>2/RP-1  ratio  and  particle  size 
will  be  needed  that  would  be  capable  of  being  formed  with  or  witnout  a  boiling 
regime  present  at  its  L02  -  fuel  interfaces.  The  relative  explosive  yield  in 
these  two  conditions  would  then  be  indicative  of  the  importance  of  film 
boiling  in  affecting  explosive  yield. 

MIXING  STUDY 

it  is  generally  recognized  that  the  mixing  of  propellants  after  a  pro¬ 
pellant  spillage  is  an  important  process  affecting  the  explosive  yield  of 
the  mixture.  The  specific  properties  of  such  mixtures  that  determine  their 
explosive  yield  are  not  yet  well  established,  so  that  the  term  "mixing"  can 
not  presently  be  defined  and  quantified,  but  must  instead  simply  be  synonymous 
with  potential  explosive  yield. 
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At  present,  the  mechanism  by  which  spilled  propellants  form  explosive 
mixtures  is  not  understood .  In  the  case  of  cryogenic  propellants,  it  is  not 
known  to  what  extent,  and  under  what  conditions,  the  mixing  of  the  propellants 
is  due  to  flow  phenomena,  such  as  turbulence  and  spattering  on  impact,  or  to 
the  effects  of  boiling  heat  transfer,  whereby  the  agitation  due  to  boiling  of 
the  cryogenic  may  break  up  the  warmer  propellant,  of  the  combination  to  produce 
a  larger  heat  transfer  interface  and,  hence,  more  violent  boiling. 

The  importance  of  understanding  the  mechanism  by  which  mixing  proceeds 
in  various  circumstances  stems  from  the  fact  that  the  variables  affecting  the 
mixing  process  can  not  be  deduced  without  some  knowledge  of  the  mechanism 
Involved.  Thus,  if  one  sought  to  assess  the  effect  on  its  explosive  potential 
of  changing  one  of  the  variables  of  the  propellant  spillage  process,  it  would 
be  necessary  to  know  the  principal  mechanism  by  which  mixing  was  proceeding 
in  order  to  deduce  the  effect  of  that  variable  on  the  process  and  on  explosive 
yield.  In  addition  it  is  necessary  to  know  the  important  variables  affecting 
the  mixing  process  in  each  of  the  configurations  in  which  explosive  testing 
is  conducted  so  that  correlation  of  yield  data  between  scale  sizes  may  be 
accomplished. 

The  following  proposes  a  method  by  which  effects  of  mixing  due  to  flow 
conditions  can  be  separated  from  those  due  to  heat  transfer  effects.  The 
method  would  apply  only  to  the  study  of  th.se  effects  in  the  I  O^/RP-l  pro¬ 
pellant  combination;  however,  the  results  should,  by  analogy,  aid  in  under¬ 
standing  the  mixing  process  in  other  cryogenic  combinations. 

The  method  depends  on  the  use  of  a  simulant  for  RP-1  capable  of  forming 

explosive  mixtures  with  LO  to  give  the  same  yield  as  RP-1,  but  differing  from 

Z 

RP-1  by  remaining  liquid  at  90.1°K,  the  normal  boiling  point  of  LO  .  The 

explosive  yield  of  spillage  explosions  using  the  simulant  fuel,  precooled  to 

90.1°K,  would  be  compared  with  those  of  RP-1/L0  spillages  under  otherwise 

identical  conditions,  but  with  the  RP-1  initially  at  room  temperature.  The 

simulant  fuel,  having  been  cooled  to  90.1°K  before  the  spill,  would  transfer 

no  heat  to  the  LO  ,  so  that  any  mixing  would  be  due  to  phenomena  other  than 
2 

heat  transfer,  such  as  flow  or  Impact  conditions.  The  RP-1/L02  spillage  in 
the  same  conditions  could  mix  by  both  a  heat  transfer  and/or  flow  mechanism. 
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(voKUw  tt.*<  tjujki.  Ir  >ti  tii.td-r  tuf.  the  tur«»  for  liquid  oxygen 
U  Ibe  f  1  la  .10 1 1 1  «g  region  uo*.l:  parallel  tiem  for  liquid  nitrogen  in  this 
region.  All  of  to*  experimental  nexsuremer. t *  of  boiling  heat  transfer  appc.tr 
to  have  employed  rolld  heat  transfer  surfaces,  whereas  fuel  particles  are 
liquid  in  part  of  the  cooling  process. 

In  the  case  of  smAll  fuel  particles  In  IX>„,  the  uncertainties  In  the 

A 

boiling  heat  flux  (Indicated  above)  are  Increased  because  the  heat  flux 
at  the  particle  surface  changes  rapidly  In  time,  whereas  the  experimental 
measurements  of  boiling  heat  transfer  referred  to  above  have  been  made  under 
nontransient  conditions. 

The  uncertainties  in  the  boiling  heat  transfer  rate  limit  the  precision 
It  is  profitable  to  seek  in  calculating  the  cooling  rate  of  fv  il  particles. 
Inspection  of  the  curve  for  liquid  nitrogen  in  Fig.  7-7  indicates  that  the 
boiling  heat  transfer  coefficient,  defined  as  the  boiling  heat  flux  divided 
by  the  corresponding  difference  in  temperature  between  particle  surface 
and  saturated  liquid,  changes  by  about  50  percent  as  the  particle  surface 
cools  from  room  temperature  to  the  lower  end  of  the  film  boiling  regime. 
Within  this  film  boiling  region,  therefore,  a  constant  heat  transfer  coeffi¬ 
cient,  taken  as  the  average  over  the  region,  represents  the  boiling  heat 
transfer  coefficient  a3  well  as  it  is  known.  A  constant  heat  transfer 
coefficient  was,  therefore,  assumed  for  LO„  within  the  film  boiling  region. 

In  obtaining  the  heat  flow  within  the  particle,  it  is  necessary  to 
account  for  the  freezing  of  the  RP-1  during  the  cooling  process.  Analytical 
solutions  of  the  diffusion  of  heat  with  change  of  phase  do  not  include  the 
case  of  constant  flux  or  constant  heat  transfer  coefficient  at  the  boundary 
for  spherical  geometry  (Ref.  7-5,  p.  291)  A  solution  is  available,  however, 
for  diffusion  of  heat  in  a  sphere  with  constant  heat  transfer  coefficient 
at  the  boundary  if  no  change  of  phase  occurs  (Ref.  7-5,  p.  237),  This 
solution  has  been  presented  as  a  chart  by  P.  J.  Schneider  (Ref.  7-6,  p.  97). 
In  applying  this  solution  to  the  case  of  RP-1  fuel  particles  in  the  period 
prior  to  the  onset  of  freezing  in  the  particle,  it  was  found  that  within 
particles  of  diameter  up  to  about  1  ram,  the  temperature  gradients  were  very 
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The  relative  explosive  yields  measured  for  the  two  kinds  of  fuels  in  the 
same  spillage  geometry  would  constitute  a  measure  of  the  fraction  of  total 
mixing  due  to  flow  conditions  alone  for  that  geometry.  One  would  expect  this 
fraction  to  be  a  maximum  under  violent  flow  conditions,  such  as  impact,  and 
very  low  for  in-tank  mixing. 

Butene-1  (CHg-C^-CH  =  CH2)  appears  to  be  an  optimum  RP-1  simulant  for 
the  method  outlined  above.  Some  properties  of  butene-1  are  tabulated  btlov 
along  with  those  of  RP-1. 


Fuel 

Hydrogen 
Carbon  Ratio 

Heat  of  Combustion 
(Kcal/gm) 

<H20  liq.,  C02  gas) 

Freezing 

Point 
(  °C) 

Boiling 

Point 

(°C) 

RP-1 

1.9 

10,370 

-40  max . 

185  to  274 

Butene-1 

2.0 

11,490 

-185.35 

-6.25 

The  hydrogen-to-carbon  ratio  and  heat  of  combustion,  which  largely 
determine  the  explosive  yield  of  hydrocarbons  in  perfect  mixtures  with  L02> 
differ  by  5  and  11  percent,  respectively.  The  explosive  yield  does  not 
change  linearly  with  these  variables,  however,  so  that  the  difference  in 
explosive  yield  between  charges  of  otherwise  identical  composition  containing 
RP-1  and  butene-1  should  be  much  less  than  11  percent.  This  question  can  be 
resolved  experimentally  by  comparing  the  explosive  yield  of  kleselguhr  charges 
containing  butene-1  with  that  of  charges  containing  RP-1. 

Because  the  butene-1  would  be  cooled  to  the  close  vicinity  of  9C.1°K 
(normal  LO  boiling  point)  before  being  spilled  to  form  the  mixture  with  LO, , 
its  viscosity  in  this  temperature  range  is  of  importance  with  respect  to  its 
simulation  of  the  flow  properties  of  RP-1  at  room  temperature  and  slightly 
below  when  spilled  in  the  same  geometry. 

Some  preliminary  measurements  have  been  made  of  the  viscosity  of  butene-1 
near  the  boiling  temperature  of  L0_.  These  measurements  are  tabu  In  ted  below, 

A 
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iul,  I.c.,  «>  an)  tin'  .liter  the  start  ot  tooling,  the  centers  of  the  spheres 
differed  by  onl>  a  fe*  degrees  fro*  the  temperatures  of  their  surfaces. 

Thus,  all  parts  of  the  spheres  reached  the  freezing  temperature  of  the  fuel 
nearly  simultaneously.  For  this  range  of  sizes,  negligible  error  resulted 
if  the  cooling  of  the  particle  to  the  bottom  of  the  film  boiling  legime  of 
IX>2  was  calculated  in  three  separate  stages.  In  the  first  stage,  the  cooling 
curve  of  the  liquid  particle  was  obtained  from  room  temperature  t<>  the  freezing 
point  of  RP-1  fuel,  by  means  of  the  solution  for  constant  boundnrv  heat  transfer 
coefficient.  In  the  second  stage,  the  time  for  the  latent  heat  of  fusion  of 
the  fuel  contained  in  the  particle  to  be  removed  was  computed  by  means  of  the 
rate  corresponding  to  the  boiling  heat  flux  prevalent  at.  the  particle  surface 
at  the  fuel  freezing  temperature.  In  the  third  stage,  the  cooling  curve  for 
the  solid  particle  was  obtained  from  the  fuel  freezing  point  to  tne  bottom  of 
the  film  boiling  regime  of  LO,,  by  the  same  method  used  in  the  first  stage. 

* 

The  results  are  presented  in  Figs.  7-8  and  7-9,  in  which  tie  tempera¬ 
tures  at  the  surfaces  and  centers  of  spheres  of  RP-1.  fuel  of  various  sizes 
up  to  about  1  mm  diameter  are  shown  as  a  function  oi  time  after  immersion 
in  LO  ,  The  time  difference  between  the  cooling  curve  for  the  sc  -face  and 
center  of  eac!  particle  becomes  greater  as  particle  size  increases,  indicating 
steepening  of  the  temperature  gradients  within  the  particle  as  diameter  in¬ 
creases.  The  error  of  the  method  of  calculation  should  be  negligible  as  long 
as  the  time  difference  between  the  cooling  curves  for  the  center  and  surface 
of  the  particle  is  small  compared  with  the  time  the  particle  temperature  remains 
at  the  RP-1  freezing  temperature. 

Experimental  Measurement  of  Boiling  Heat  Transfer  Coefficients  of  LNj  on 
RP-1  Particles'  " 

As  indicated  in  the  foregoing,  the  major  uncertainty  in  the  calculation 
of  the  cooling  curves  by  any  method  is  in  specifying  the  magnitude  of  heat 


*  Values  of  heat  transfer  coefficient  and  RP-1  thermal  properties  used  in  the 
calculation  are:  heat  transfer  coefficient  =  6.0  x  103  cal/cm2 -see-°K 
heat  of  fusion  =  50  cal/gm;  thermal  conductivity  =  3.32  x  10“4  cal/cm2- 
sec-°K;  density  =  0.8  gm/cmJ;  and  heat  capacity  =  0,2  cal/gm-°K. 
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Temp 

Viscosity 

£21 

(cp) 

-182 

620 

-180 

200 

99% 

pure 

butene -1 

-169 

6.3 

-180 

116 

-170 

10.7 

95% 

pure 

butene-1 

Boiling  Point  LO,,  =  -183. 0°C 

The  viscosity  of  RP-1  is  specified  as  not  greater  than  13.2  cp  at 
-34.4°C,  and  is  about  3  cp  at  room  temperature. 

Summary 

It  appears  that  butene-1,  precooled  near  90.1°K,  can  be  made  to  simulate 
the  flow  of  RP-1  to  a  satisfactory  approximation  for  spillages  in  the  range 
of  40  lb  or  greater.  A  positive  statement  in  this  regard  is  not  easy  to  make, 
because  it  must  be  expected  that  the  •  iscosity  of  RP-1  increases  during  the 
course  of  its  flow  due  to  its  being  cooled  by  L02,  while  the  viscosity  of 
precooled  butene-1  should  either  remain  constant  or  decrease  during  the  flow. 
Much  light  could  be  shed  on  this  question  by  examining  high-speed  photos  of 
butene-1  and  RP-1  in  the  same  flow  condition.  If  the  flow  velocities  and 
patterns  at  the  same  time  after  spillage  were  substantially  the  same  for  the 
two  cases,  it  could  be  assumed  that  viscosity  differences  had  negligible 
effect  on  i..ie  flow. 

The  logical  next  steps  in  pursuing  this  portion  of  the  mixing  study- 
are  listed  below. 

a.  Conduct  tests  of  butene-1  with  LOg  in  kieselguhr  charges  to 
confirm  its  explosive  equivalence  to  LOg/RP-l  charges  when 
perfectly  mixed. 

b.  Photograph  3pill  tests  of  cold  butene-1  ana  of  RP-1  at  room 
temperature  to  establish  similarity  of  flow  of  the  two  fuels. 

c.  Conduct  scaled  explosive  tests  in  appropriate  mixing  modes  with 
cold  butene-1  as  fuel  simulant  for  comparison  with  otherwise 
identical  tests  u^ing  RP-1  at  room  temperature. 
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(i)  Choose  at  least  one  mixing  mode  having  low  kinetic 
energy  in  fluid  flow,  but  having  easily  measurable  yield 
with  RP-1  as  fuel. 

(ii)  Choose  at  least  one  mixing  mode  Laving  high  kinetic  energy 
in  fluid  flow,  but  with  measurable  yield  with  RP-1  as  fuel. 


RECOMMENDED  ADDITIONAL  WORK 

As  discussed  in  the  introduction  to  this  section  the  studies  described 
above  constituted  the  initial  phase  of  an  overall  program  to  investigate 
the  basic  phenomena  involved  in  propellant  mixing  and  explosion  processes. 

To  properly  pursue  this  program  requires  proceeding  as  indicated  with  the 
above  areas  of  work  and  initiating  certain  additional  studies  as  described 
below. 

For  determining  the  properties  of  the  propellant  mixture  that  determine 
its  explosive  characteristics,  two  additional  study  areas  are  of  prime  concern: 

•  Uniformity  of  Mix.  Another  aspect  of  spatial  distribution 
besides  charge  geometry  proposed  as  a  possible  definitive 
property  of  propellant  spillages  is  nonuniformity  of  L02/RP~1 
ratio  and  particle  size  through  the  mixture.  If  the  explosive 
yield  of  propellant  mixtures  as  a  function  of  their  particle 
size  and  L02/RP-1  ratio  is  known  from  the  particle  size  studies, 
the  effect  of  nonuniformity  of  L02/RP-1  ratio  or  particle  size 
on  explosive  yield  could  be  estimated  by  adding  up  the  yield 
contributions  from  each  part  of  the  nonhomogeneous  charge  according 
to  its  local  L02/RP-1  ratio  and  particle  size.  Measurement  of 

the  explosive  yields  of  charges  having  known  nonuniform  dis¬ 
tributions  of  paraffin  particles  can  then  be  made  in  several 
charge  sizes  to  test  the  accuracy  of  the  estimated  yields. 

•  Gross  Interface  Geometry  (Layered- Charge  Study) .  The  possibility 
that  distributions  of  the  two  propellants  may  commonly  occur 

in  which  the  explosion  of  well-mixed  portions  of  the  spillage 
could  provide  the  impulse  to  force  the  mixing  of  adjacent 
volumes  of  bulk  propellant  in  tiae  for  these  previously  un~ 
mixed  propellants  to  contribute  to  the  explosive  effects  has 
been  suggested.  It  has  been  tacitly  assumed  heretofore  that 
any  development  of  interface  between  the  two  propellants, 
to  be  capable  of  affecting  the  explosive  yield  of  the  mixture, 
must  occur  prior  to  ignition.  This  assumption  was  based  on 
the  premise  that  explosive  reaction  occuring  at  propellant 
interfaces  would  generally  drive  the  two  propellants  apart, 
thus  terminating  any  further  development  of  interface  between 
them. 


7-41 


4FRPL-TR -68-92 


In  certain  mixing  modes  tested  in  Project  PYRO,  viz., 
the  diaphragm -rupture  tests  with  hypergolic  propellants  and 
the  early-ignitlon  diaphragm-rupture  tests  with  cryogenic 
propellants,  such  an  explosively  driven  termination  of  the 
mixing  process  does  indeed  appear  to  prevail,  as  evidenced 
by  the  very  low  yields  obtained. 

For  mixing  modes  which  lead  to  highly  convoluted  or 
multilayered  boundaries,  however,  the  available  evidence 
suggests  that  significant  additional  mixing  can  occur 
after  ignition.  Presumably  this  would  occur  because  re¬ 
action  at  one  interface,  although  tending  to  separate  the 
propellants  in  that  region,  can  force  them  together  at 
another  interface. 


Examples  of  mixing  modes  in  this  category  included  the 
Aerojet  high-interface-area,  low-velocity  drop  tests  (Ref,  7-9) 
and  the  hypergolic  high-velocity  impact  tests  conducted  under 
the  FYRO  program  at  NOTS. 

The  definitive  properties  of  propellant  mixtures  of 
concern  in  regard  to  post-ignition  mixing  should  be  re¬ 
latively  easy  to  identify,  and  it  should  be  relatively 
straightforward  to  determine  their  effects  experimentally. 

Such  a  phenomenon,  if  it  occurs,  would  probably  be  found 
in  convoluted,  interlayered  or  multiply  connected  spatial 
distributions  of  the  propellants.  A  series  of  tests  have, 
therefore,  been  planned  in  which  the  explosive  yields  of 
such  charges  can  be  measured.  The  charges  would  be  com¬ 
posed  of  alternate  masses  of  fuel  and  L02 ,  with  conventional 
explosive  in  the  form  of  sheets  intervening. 


The  explosive  sheets  will  provide  a  convenient  simu¬ 
lation  of  explosive  propellant  mixtures  at  the  interface 
between  the  bulk  propellant  masses,  with  the  advantage 
that  the  explosive  yield  of  the  sheet  explosive  will  be 
accurately  known.  Any  measured  explosive  yield  of  such 
charges  that  is  significantly  greater  than  the  known  yield 
of  the  sheet  explosive  will  be  evidence  of  a  contribution 
by  the  propellants  due  to  post-ignition  mixing. 
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The  future  course  of  the  investigations  of  mechanisms  leading  to  the 
development  of  the  definitive  properties  in  a  propellant  spillage  will  depend 
to  some  extent  on  the  results  obtained  from  the  cold-fuel  mixing  study 
outlined  earlier  and  thus  cannot  be  defined  in  detail.  However,  the  work 
would  generally  be  directed  toward  study  of  fuel  break  up  and  study  of 
more  general  flow  processes. 

In  the  fuel  breakup  study,  once  it  has  been  determined  what  mechanism 

supplies  the  energy  to  break  up  RP-1  fuel  in  spillages  with  LO  ,  it  should 

2 

be  possible  to  deduce  the  variables  likely  to  be  important  in  the  process. 

Thus,  if  the  breakup  was  due  only  to  fluid  friction,  variables  such  as  fluid 
viscosity,  velocity,  and  characteristic  length  would  be  dominant.  If  boiling 
heat  transfer  supplied  the  breakup  energy,  variables  such  as  thermal  con¬ 
ductivity,  heat  transfer  coefficient,  interface  area,  etc.  would  be  important. 
In  any  case,  the  tentative  identification  of  controlling  variables  depends 
on  the  construction  of  a  simplified  theoretical  model  of  the  breakup  process, 
in  which  the  interactions  of  the  various  forces  leading  to  breakup  of  the 
fuel  are  developed  conceptually. 

Following  the  development  of  a  simplified  theoretical  model  (or  models) 
of  the  breakup  process  in  the  more  important  mixing  modes  tested  in  Project 
PYRO,  u  series  of  experimental  tests  would  be  conducted  to  find  the  dependence 
of  fuel  breakup  on  each  of  the  hypothetical  controlling  variables  predicted 
by  the  simplified  theoretical  model. 

These  experiments  would  employ  a  method  by  which  the  final  surface  area 
and  other  particulate  properties  of  the  fuel  can  be  measured  after  the  fuel 
breakup  process  is  complete.  The  problem  of  representative  sampling  can  be 
disposed  of  by  collecting  all  of  the  fuel  in  each  test  for  surface  area 
measurement.  The  planned  experimental  approach  involves  use  of  a  model  regime 
in  which  the  temperatures  of  all  Important  processes  would  be  about  75  to  100°C 
higher  than  in  the  actual  event,  but  the  temperature  differences  and  the  heat 
transfer  phenomena  would,  as  nearly  as  possible,  be  maintained  the  same  as  in 
the  actual  process.  In  this  kind  of  model,  all  the  heat  transfer  phenomena 
and  the  turbulence  leading  to  fuel  breakup  should  be  substantially  the  same 
as  in  the  actual  process,  but  the  melting  point  of  the  fuel  would  be  slightly 
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above  room  temperature  so  that  the  examination  and  measurement  of  its  part¬ 
iculate  properties  would  be  greatly  facilitated.  Molten  wax,  at  an  initial 
temperature  about  65  to  75°C  above  its  melting  point,  would  simulate  the  fuel 
in  the  model.  A  mixture  of  two  Freon  compounds  (Freon  14;  CF^;  b.p.  145°K 

and  Freon  23;  CHF  ;  b.p.  191 °K)  having  a  filing  point  of  about  165  to  180°K 
o 

could  be  used  to  simulate  LO  .  The  use  of  this  simulant  for  IX)  would  provide 

2  2 

for  the  initial  temperature  difference  —  as  well  as  the  temperature  difference 
at  the  fuel  freezing  point  between  fuel  surface  and  cryogenic  —  to  be  the 
same  as  the  corresponding  quantities  in  the  LO^/RP-l  interaction  being  modeled. 
The  heat  of  vaporization  per  unit  weight  of  the  L0o  simulant  would  be  nearly 
the  same  as  that  of  LO^,  so  that  the  boiling  heat  transfer  and  the  turbulence 
thereby  produced  should  simulate  the  LOg/RP-l  interaction  very  well,  assuming 
that  the  boiling  heat  transfer  rate  as  a  function  of  the  temperature  difference 
between  fuel  and  cryogenic  is  the  same  for  the  Freon  as  for  L0_. 

The  first  use  of  the  Molten  wax  results  would  be  to  establish  whether 
the  hypothetical  controlling  variables  do,  in  fact,  exert  a  major  influence 
on  the  breakup  of  the  fuel  and,  hence,  to  test  the  theoretical  model  from 
which  they  were  deduced.  The  test  results  would  ultimately  form  the  basis 
of  a  correlation  formula  expressing  the  fuel  particle  size  (or  whatever 
aspect  of  particle  size  had  previously  been  found  to  be  definitive  with  respect 
to  explosive  yield)  as  *  function  of  its  controlling  variables  in  dimensionless 
form,  from  which  the  fuel  breakup  scaling  relationship  would  be  obtainable. 

The  following  steps  are  anticipated. 

a.  Develop  simplified  theoretical  models  of  fuel  breakup  in  various 
mixing  erodes. 

b.  Conduct  measurements  of  interface  area  developed  in  chosen  mixing 
modes  by  means  of  molten  wax  techniques,  varying  parameters  suspected 
as  controlling  vsu  iables  from  simple  theoretical  models  developed 

-,.j  item  (a)  . 

c.  Develop  correlation  formulae  from  data  obtained  in  (b) ,  expressing 
interface  per  unit  volume  as  a  function  of  controlling  variables 
in  dimensionless  form. 

The  additional  flow  process  study  would  primarily  be  concerned  with  those 
processes  leading  to  propellant  contact.  The  objective  would  be  to  find 
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whether  the  fraction  of  propellants  that  arrive  in  sufficiently  close 
juxtaposition  to  one  another  to  participate  in  the  development  of  potential 
explosive  yield  change  with  scale  and  -  if  such  a  change  is  found  —  to 
correlate  the  fractions  of  propellants  so  engaged  with  the  variables  con¬ 
trolling  their  change. 

The  approach  to  be  followed  would  be  to  develop  sii  'if led  theoretical 
hydrodynamic  models  that  best  represent  the  major  features  of  the  fluid  flow 
in  each  mixing  mode,  using  as  a  guide,  appropriate  photography  (taken  at 
several  scale  sizes)  of  flow  in  the  more  important  mixing  modes  tested  in 
Project  PYRO.  From  these  theoretical  models,  expressions  relating  the 
fraction  of  each  propellant  to  its  maximum  distance  from  an  LO^/RP-l  inter¬ 
face  as  a  function  of  time  will  be  derived.  The  effect  of  scale  changes  on 
these  relationships  will  be  deduced. 

In  some  geometries,  the  flow  instabilities  either  clue  to  fluid  friction 
or  boiling  heat  transfer  may  play  a  dominant  role  in  determining  the  total 
fraction  of  propellants  that  participate  in  development  of  potential  explosive 
yield.  In  such  cases,  it  will  bo  necessary  to  investigate  the  effect  of  scale 
changes  on  these  processes. 
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Section  8 

SUMMARY  AND  CONCLUSIONS 


PURPOSE 

The  objective  of  Project  PYRO  was  to  develop  a  reliable  philosophy  for  pre¬ 
dicting  the  credible  damage  potential  which  may  be  experienced  from  the  acciden¬ 
tal  explosion  of  liquid  propellants  during  launch  c.r  test  operations  of  missiles 
or  space  vehicles . 

Such  information  is  required  for  the  siting  of  static  test  stands  and 
launch  facilities,  for  vehicle  and  payload  design,  for  launch  operations,  etc. 
The  propellant  combinations  of  N  0/505  UDMH  -  50%  h  H  ,  LO  /RP-1 ,  and  LO  /LH_ 
were  investigated. 

METHOD  OF  APPROACH 

The  PYRO  program  included  experimental  determination  of  the  blast  and  ther¬ 
mal  environments  resulting  from  various  types  of  propellant  mixtures  for  these 
liquid  propellant  combinations.  Propellant  weights  up  to  about  100,000  ib  were 
used  for  the  cryogenic  combinations  and  up  to  1,000  lb  for  the  hypergolic  com¬ 
bination. 

The  generalized  t  .si  conditions  were  selected  to  simulate  the  important 
classes  of  propellant  interaction,  i.e.,  the  manner  in  which  the  two  propellants 
come  into  contact  with  each  other-  and  mix  during  an  accidental  failure.  The 
ways  in  which  the  propellants  can  mechanically  interact  with  each  other  are  de¬ 
pendent:  on  the  initial  conditions  of  the  propellants  at  the  start  of  the  inter¬ 
action  and  on  the  nature  of  the  boundary  conditions  which  contx*ol  or  confine  the 
flow  of  propellants  during  the  spillage  and  mixing  process.  The  two  major  boun¬ 
dary  conditions  selected  for  testing  were  conf inement-by-the-missile  (CBM)  and 
conf ineraent-by-the-ground-surface  (CBGS) . 
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The  CBM  condition  is  intended  to  simulate  the  general  case  where  failure 
occurs  in  the  intertank  bulkhead  and  propellant  mixing  is  confined  within  the 
tankage.  The  parameters  of  primary  concern  for  this  case  are  the  ignition  time, 
the  size  of  the  opening  in  the  intertank  bulkhead,  the  length- to-diame ter  ratio 
of  the  tankage,  the  ullage  volume,  and  the  pressure  rise  to  cause  tank  rupture. 

The  CBGS  condition  simulates  the  situation  where  the  propellants  spill  out 
of  the  tankage  and  mix  on  the  ground  surface  (such  as  could  occur  in  fallback 
of  a  vehicle  on  the  launch  pad).  Major  emphasis  in  the  program  has  been  placed 
on  a  flat  ground  surface,  although  a  limited  amount  of  data  was  obtained  for 
other  conditions.  The  parameters  of  primary  concern  for  this  boundary  condition 
are  the  ignition  time  and  the  velocities,  shapes,  and  relative  orientation  of 
the  propellant  masses  at  the  start  of  their  interaction. 

Conceptually,  propellant  mixing  can  also  occur  without  confinement,  i.e., 
after  the  propellants  spill  out  of  the  tankage  but  before  they  reach  the  ground, 
(such  as  could  occur  with  a  flight  destruct  system).  Such  free-fall  mixing  was 
not  included  in  the  program,  however,  because  of  the  small  amount  of  mixing  an¬ 
ticipated.  Unless  there  is  a  large  velocity  difference  between  the  two  propel¬ 
lants  (which  is  unlikely  for  massive  failures  near  the  ground),  there  are  no 
significant  forces  holding  the  two  masses  together,  and  even  a  small  pressure 
generated  by  vaporization  or  reaction  at  the  interface  between  the  two  masses 
will  be  sufficient  to  separate  them  and  minimize  mixing. 

Although  the  generalized  test  conditions  used  resemble  some  actual  failure 
modes,  the  intent  in  the  program  was  not  to  investigate  all  credible  combinations 
of  tankage  configuration,  failure  mode,  and  site  geometry.  There  is  an  almost 
infinite  number  of  such  combinations.  Rather,  it  was  reasoned  that  many  of  these 
combinations  would  lead  to  similar  propellant  interactions  and  that  study  of 
several  basic  propellant  interaction  modes  would  be  sufficient  to  provide  a  ba¬ 
sis  for  evaluation  or  prediction  under  a  variety  of  failure  conditions. 

The  basic  blast  data  obtained  from  these  tests  were  peak  overpressure  and 
positive-phase  impulse,  both  as  a  function  of  distance  from  the  propellant  ex¬ 
plosion.  Equivalent  explosive  weights  at  each  measurement  distance  were 
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determined  separately  for  peak  overpressure  and  positive-phase  impulse  by  means 
of  standard  TNT  surface  burst  reference  curves.  Thermal  data  obtained  from  the 
tests  included  total  heat  flux,  gas  temperatures,  and  radiant  heat  flux. 

SUMMARY  OF  TECHNICAL  FINDINGS 

The  overall  results  obtained  from  the  PYRO  program  are  far  too  extensive 
in  scope  to  fully  summarize  in  this  section,  and  the  reader  is  referred  to  the 
main  body  of  the  report  and  the  prediction  method  in  Volume  3  for  complete  In¬ 
formation.  Certain  of  the  findings,  however,  are  sufficiently  important  to  be 
emphasized  here,  and  are  discussed  below. 

Blast  and  Thermal  Environment  Prediction  Method 


The  major  result  of  Project  PYRO  was  the  development  of  a  scientific  method 
for  predicting  the  blast  wave  and  fireball  characteristics  of  liquiu  propellant 
explosions.  This  method  is  based  on  the  results  of  the  basic  test  program  in 
conjunction  with  the  analytical  studies  and  prior  information  regarding  liquid 
propellant  explosive  behavior.  The  method  can  be  applied  to  any  given  missile 
or  space  vehicle  system  for  a  wide  range  of  specified  failure  modes. 

In  the  prediction  method,  the  thermal  environment  is  given  only  as  a  func¬ 
tion  of  propellant  type  and  weight,  while  the  blast  environment  is  gi.’cn  as  a 
function  of  a  number  of  controlling  parameters,  including  time  of  ignition  for 
the  cryogenic  propellant  combinations.  The  selection  of  appropriate  values  of 
the  parameters  needed  to  predict  the  blast  environment  for  a  specific  system  is 
considered  to  be  the  responsibility  of  the  users  of  the  information  and  in  gen¬ 
eral  requires  a  failure  mode  analysis  of  the  system. 

The  derivation  of  the  blast  prediction  method  for  the  hypergolic  propellant 
combination  is  given  in  Section  4  and  for  the  cryogenic  combinations  in  Section 
5.  The  thermal  prediction  method  for  all  propellant  combinations  appears  in 
Section  6.  The  detailed  procedures  for  using  all  prediction  methods  are  given 
in  Volume  3  of  this  report. 
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In  general,  the  blast  yields  from  hypergolic  propellants  are  less  than  2%. 
Exceptions  to  this  occur  for  the  high-velocity  impact  condition,  or  when  an  ex¬ 
plosive  donar  weighing  more  than  15%  of  the  propellant  quantity  is  employed. 

With  cryogenic  propellants  (LO  /RP-1  or  IX)  /L.H  >  the  yields  will  vary  widely 
as  a  function  of  the  failure  mode,  ignition  delay  time,  and  several  other  fac¬ 
tors.  Thus,  use  of  a  single  TNT  equivalent  yield  value  (such  as  the  current 
20%  for  L0o/RP-l;  60%  for  IX)  /LH_)  may  actually  be  far  too  high  or  too  low,  de- 
pending  on  the  particular  system  and  failure  conditions  under  consideration. 

Liquid  Propellant  Blast  Phenomena 

Characteristically,  the  TNT  equivalent  weights  computed  fro®  the  measured 
data  vary  both  as  a  function  of  the  shock  wave  parameter  used  (peak  overpressure 
or  positive-phase  impulse)  and  the  distance  from  the  explosion.  At  long  dis¬ 
tances,  however,  the  equivalent  weights  tend  to  approach  an  equal  and  constant 
value,  which  has  been  defined  as  the  terminal  equivalent  weight  (when  expressed 
as  a  percent  of  the  total  propellant  weight). 

The  differences  between  the  blast  waves  from  liquid  propellants  and  con¬ 
ventional  high  explosives  tend  tc  get  larger  as  the  distance  from  the  explosion 
decreases.  Characteristically  the  peak  pressures  from  propellant  explosions 
tend  to  get  smaller  and  impulses  larger  than  for  a  similar  quantity  of  TNT. 

These  differences  can  be  large  enough  to  significantly  affect  damage  prediction. 
Methods  of  modifying  the  blast  characteristics  to  account  for  these  differences 
are  included  in  the  prediction  method. 

Effects  of  Factors 

Ignition  Time.  In  general,  for  the  cryogenic  combinations,  the  most  cri¬ 
tical  parameter  is  the  time  of  ignition.  TNT  equivalent  yield  values  can  vary 
by  as  much  as  a  factor  of  5  between  the  conditions  under  which  ignition  occurs 
early  in  the  failure  process  and  when  it  occurs  at  iater  times.  This  clearly 
points  out  the  desirability  of  establishing,  whenever  possible,  that  ignition 
will  occur  at  or  near  the  earliest  possible  time. 
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Impact  Velocity.  Impact  velocity  was  found  to  be  a  very  significant  fac¬ 
tor  in  determining  the  yields  of  propellants  Impacting  and  mixing  on  the  ground 
surface  (CBGS  and  high-velocity-impact  mixing  modes).  Even  with  the  storable 
propellants,  yields  can  become  very  high  if  the  impact  velocity  exceeds  several 
hundred  feet  per  second.  With  the  cryogenic  propellants,  yields  increase  very 
rapidly  at  much  lower  impact  velocities,  and  very  high  yields  can  be  obtained 
from  only  a  100-ft  drop  height. 

Geometry .  The  geometry  of  the  tankage  (L/D  ratio)  is  a  moderately  signifi¬ 
cant  factor  for  the  cryogeuic  combinations  and  must  be  considered  in  the  CBM 
failure  conaltion.  However,  the  yield  does  not  vary  over  a  wide  range  in  going 
from  an  L/D  of  1.8  to  5. 

Bulkhead  Opening  Si2e.  The  size  of  the  bulkhead  opening  relative  to  the 
tank  diameter  ratio^  also  is  important  in  the  CBM  failure  condition. 

However,  so  long  as  the  opening  is  less  than  20%  of  the  tank  cross-secticnal 
area,  the  effect  is  relatively  small.  The  maximum  yield  values  for  the  100% 
open  case  are  significantly  larger  than  those  for  the  20%  case,  but  obtaining 
evenings  larger  than  20%  seems  somewhat  unlikely. 

Ullage  Volume.  The  large  effect  of  ullage  volume  on  yield  was  one  of  f-e 

interesting  results  obtained  fiom  the  L0-/RP-1  CBM  case.  For  this  case  it  was 

shown  that  the  maximum  yield  (in  pounds  of  TNT)  expected  from  a  given  vehicle 
when  it  was  fully  fueled  was  significantly  less  than  that  expected  when  it  was 

about  one-half  to  three-fourths  full.  The  explanation  is  that  the  much  larger 

ullage  volume  for  the  partially  full  case  leads  to  a  longer  time  for  propellant 
mixing  (and  thus  more  complete  mixing)  prior  to  tank  rupture  caused  by  the  pres¬ 
sure  buildup  resulting  from  vaporization  of  the  L0„ .  (The  time  of  tank  rupture 
is  considered  to  be  the  maximum  credible  ignition  time.) 

Tank  Rupture  Pressure  Differential .  The  tank  rupture  pressure  differential 
(difference  between  tank  burst  pressure  and  initial  pressure)  was  also  found  to 
be  significant  for  essentially  the  same  reason  that  the  initial  ullage  volume 
was  important.  The  larger  the  rupture  pressure  differential,  the  longer  the 
maximum  available  mixing  time  and,  thus,  the  larger  the  maximum  yield. 
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Quantity .  The  basic  blast  prediction  method  for  full-scale  quantities  of 
cryogenic  propellants  was  Initially  developed  using  data  obtained  from  the  200- 
lb  weight  scale  and  from  postulated  scaling  relationships  based  on  available  in¬ 
formation  regarding  the  propellant  mixing  and  explosion  phenomena.  Specifical¬ 
ly,  the  initially  postulated  scaling  relationship  was  that  the  explosive  yield 
(in  percent  of  the  total  propellant  weight)  would  be  Independent  of  the  propel¬ 
lant  quantity  and  that  the  time  of  ignition  to  obtain  equal  explosive  yields 
would  scale  as  the  cube  root  of  the  propellant  weight.  The  validity  of  the 
postulated  scaling  for  the  cryogenic  propellant  combination  was  tested  first  on 
the  1,000-lb  weight  scale  and  later  by  using  propellant  quantities  in  the  range 
of  25,000  to  100,000  lb.  In  only  one  case  did  these  larger  scale  tests  result 
in  a  modification  to  the  scaling  relationships,  and  that  was  for  the  LO  /RP-1 
CBM  condition.  The  results  tor  this  case  showed  that  the  yield  tended  to  de¬ 
crease  with  increasing  weight  but  that  the  rate  of  decrease  also  tended  to  de¬ 
crease  with  increasing  weight,  so  that  the  yield  was  roughly  constant  above 
10,000  lb  and  only  a  factor  of  1.2  greater  at  1,000  lb. 

PROBLEM  AREAS 

The  major  problem  area  still  remaining  in  regard  to  predicting  the  blast 
environment  from  liquid  propellant  explosions  Is  in  establishing  credible  igni¬ 
tion  times  for  the  cryogenic  propellant  combinations.  As  noted  previously, 
very  much  smaller  yield  values  can  be  used  if  it  can  be  demonstrated  that  igni¬ 
tion  will  occur  very  early  in  the  failure  process. 

Although  early  ignition  is  generally  believed  to  be  reasonably  likely,  at 
the  present  time  no  generally  applicable  method  exists  for  quantitatively  pre¬ 
dicting  the  credible  ignition  time.  The  scope  of  Project  FYRO  did  not  include 
an  investigation  of  the  probability  of  ignition;  and  the  fact  that  it  was  pos¬ 
sible  to  get  long  times  of  ignitions  for  most  of  the  test  conditions  in  the  PYRO 
program  tends  to  make  it  even  more  difficult,  without  further  study,  to  justify 
the  assumption  of  early  Ignition,  Admittedly,  special  precautions  were  taken 
in  the  test  program  to  minimize  the  probability  of  accidental  ignition  and  to 
obtain  a  wide  range  of  ignition  delay  times.  The  real  question  is,  what  is  the 
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probability  of  ignition  as  a  function  of  time  for  full-scale  missile  and  space 
vehicle  systems?  Because  of  the  large  yield  reductions  possible  with  early  ig¬ 
nition,  it  is  clear  that  this  question  deserves  study  by  those  responsible  for 
design  of  missile  and  space  vehicle  systems. 

Two  basic  approaches  are  possible  to  capitalize  on  the  relatively  low 
yields  obtained  from  early  ignition: 

1.  Develop  a  generally  applicable  method  for  predicting  ignition  times  in 
the  hope  that  the  intuitive  belief  that  it  is  likely  to  occur  early 
will  be  verified. 

2.  Develop  automated  ignition  systems  that  will  ensure  early  ignition. 

The  first  approach  has  the  advantage  that  if  it  turns  out  as  postulated, 
early  ignition  can  be  assured  without  development  of  new  hardware.  It  may  turn 
out,  however,  that  early  ignition  cannot  be  assured  in  all  cases,  and  then  it 
would  still  be  necessary  to  use  the  second  approach  for  these  cases.  The  sec¬ 
ond  approach  clearly  offers  greater  assurance  of  providing  the  desired  result, 
but  it  is  likely  to  be  significantly  more  expensive  in  the  long  run. 

Since  there  is  no  clear-cut  advantage  within  the  present  state  of  knowledge 
for  one  approach  over  the  other,  it  is  recommended  that  a  two-phase  program  be 
conducted,  with  the  first  phase  a  preliminary  study  of  both  approaches  in  order 
to  evaluate  their  relative  potential ,  and  the  second  phase  the  development  of 
the  approach  showing  the  greatest  potential. 
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Section  9 

GLOSSARY  AND  SYMBOLS 


GLOSSARY 


Blast  Scaling  Laws;  Scaling  laws  formulated  from  the  general  laws  of  similitude 
relating  blast  and  environmental  parameters.  The  most  common  ola&t  scaling  laws 
(termed  "cube  root  scaling"}  relate  blast  wave  parameters  (e.g.,  blast  pressure, 
P,  positive-phase  impulse,  I,  nnd  positive -phase  duration,  t+)  to  distance  from 
an  explosion  d,  and  explosion  weight  W,  as  follows: 


P  =  f(d/Wt/s)  =  f  (A) 

I/W1/3  =  h(d/W*/3)  =  h(A) 
t+/Wl/a  =  g(d/W1/3)  =  g(A) 

The  quantities  d/W1/3  and  fc+/W*/3  are  commonly  referred  to  as  scaled  distance 
and  scaled  time,  respectively.  (See  SACHS  SCALING  LAW.) 

Blast  Wave:  A  pressure  pulse  (or  wave)  in  air,  propagated  continuously  from  an 
explosion  and  characterized  by  an  initial  generally  rapid  rise  of  pressure  above 
ambient  values.  The  air  within  a  blast  wave  moves  in  the  direction  of  propaga¬ 
tion,  causing  winds.  (See  SHOCK  WAVE.) 

Conf Inemont-by-the-Misslle  (CBM) :  Condition  in  which  an  internal  failure  occurs 
and  on©  propellant  fails  down  onto  the  other.  Duration  of  case  is  limited  to  the 
time  the  propellants  are  confined  within  the  walls  of  the  missile. 

Conf lnement-by-the-Ground-Surf ace  (CBGS):  Test  condition  in  which  propellants 
Interact  subsequent  to  tank  rupture ,  when  propellants  are  impacting  on  flat  hori¬ 
zontal  surface.  Both  vertical  and  horizontal  flow  directions  were  investigated. 

Vertical  Flow  Itest  Condition:  Propellants  impact  the  ground  surface  togethex*. 

Horizontal  Flow  Tast  Condition:  Lower  propellant  is  allowed  to  impact  on 
ground  surface,  creating  a  pool  prior  to  impact  of  top  propellant. 

Explosive  Yield:  The  explosive  potential  of  propellants  is  usually  expressed  in 
terms  of  their  IWT  equivalent  yield,  i.e.,  the  amount  of  1NT  which  if  put  at  the 
position  of  the  propellant  explosion  would  produce  the  same  value  of  a  particular 
shock  wave  parameter  at  the  same  distance  as  for  the  propellant  explosion.  The 
explosive  yield  of  a  given  propellant  explosion  can  be  given  in  equivalent  pounds 
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of  TOT,  although  It  is  more  common  to  express  it  in  terns  of  the  percent  of  the 
total  weight  of  propellants  involved.  The  term  explosive  yield  is  usually  modi¬ 
fied  by  the  shock  wave  parameter  used  in  the  calculation,  e.g.,  peek  overpressure 
yield  or  positive-phase  impulse  yield. 

Free-Air  Overpressure  (or  Free-Fleld  Overpressure):  The  unreflected  pressure, 
in  excess  of  the  ambient  atmospheric  pressure,  created  in  the  air  by  the  blast 
wave  from  an  explosion. 

Impulse  (per  unit  area):  The  integral,  with  respect  to  time,  of  the  overpressure 
in  a  blast  wave  at  a  given  point,  the  integration  being  carried  out  between  the 
time  of  arrival  of  the  blast  wave  and  that  at  which  the  overpressure  returns  to 
zero  at  the  given  point.  Impulse  dimensions  are  the  product  of  overpressure  and 
time,  e.g.,  psi-seconds. 

Overpressure:  The  transient  pressure ,  usually  expressed  in  pounds  per  square 
inch,  exceeding  the  ambient  pressure,  manifested  in  the  shock  (or  blast)  wave 
from  an  explosion.  The  variation  of  overpressure  with  time  depends  on  the  energy 
yield  of  the  explosion,  the  type  of  explosive  or  propellant,  the  distance  from 
the  point  of  burst,  and  tke  medium  in  which  the  explosive  propellants  are  detona¬ 
ted.  The  peak  overpressure  is  the  maximum  value  of  the  overpressure  at  a  given 
location  and  is  generally  experienced  at  the  instant  the  shock  (or  blast)  wave 
reaches  that  location.  (See  SHOCK  WAVE.) 

Sachs  Scaling  Law:  Scaling  laws  relating  blast  and  environmental  parameters 
that  include  the  effects  of  changes  of  ambient  pressures.  These  scaling  laws 
are  summarized  below: 


P/P 

o 

I/(W/Po)*/3 

t+/(w/Po)^3 


f '  [d/(w/p0)1/s]  =  *'<*') 

h'[d/(w/P  V/’l  =  h’(A') 
L  '  0/  J 


where  P  = 


shock  pressure 
ambient  pressure 
distance  from  the  charge 
charge  weight 

duration  of  the  positive-pressure  phase 
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I  =  positive-phase  impulse 
A'  =  <t/(w/Po)‘/3 


The  quantities  d/^W/P0  V/3  and  t+/(w/PQ^1/3  are  commonly  referred  to  as  Sachs 
scaled  distance  and  Sachs  scaled  time,  respectively. 

Shock  Front  (or  Pressure  Front):  The  fairly  sharp  boundary  between  the  pressure 
disturbance  created  by  an  explosion  (in  air,  water,  or  earth)  and  the  ambient 
atmosphere,  water,  cr  earth,  respectively.  It  constitutes  the  front  of  the 
shock  (or  blase)  wave. 

Shock  Wave:  A  continuously  propagated  pressure  pulse  (or  wave)  in  the  surround¬ 
ing  medium,  which  may  be  air,  water,  or  eartn,  initiated  by  the  expansion  of  the 
hot  gases  produced  in  an  explosion.  A  shock  wave  in  air  is  often  referred  to  as 
a  blast  wave.  The  duration  of  a  shock  (or  blast)  wave  is  distinguished  by  two 
phases.  First  there  is  the  positive  (or  compression)  phase,  during  which  the 
pressure  rises  very  sharply  to  a  value  that  is  higher  than  ambient  and  then  de¬ 
creases  to  the  ambient  pressure.  The  duration  of  the  positive  phase  increases 
and  the  maximum  (peak)  pressure  decreases  with  increasing  distance  from  an  ex¬ 
plosion  of  a  given  energy  yield.  In  the  second  phase,  the  negative  (or  rarefac¬ 
tion)  phase,  the  pressure  falls  below  ambient  and  then  returns  to  the  ambient 
value.  Deviations  from  the  ambient  pressure  during  the  negative  phase  are  never 
large.  (See  OVERPRESSURE.) 

Terminal  Yt^ld:  The  value  of  the  explosive  yield  in  the  region  where  the  explo¬ 
sive  yield  becomes  independent  of  distance  from  the  explosion  or  the  shock  wave 
parameter  used  in  the  calculation.  (See  EXPLOSIVE  YIELD.) 


BLAST  SYMBOLS 


D  =  Ground  distance  from  point  of  explosion  (ft) 

D  =  D/W1/3  =  Scaled  ground  distance 

DQ/Dt  =  Intertank  bulkhead  opening  ratio  (ratio  of  effective  circular 
diameter  of  opening  in  intertank  bulkhead  to  tank  diameter) 

I  =  Positive-phase  impulse  (psi/msec) 

I/W1/3  =  Scaled  positive-phase  impulse 

k  =  Ratio  of  the  terminal  yield  for  a  given  V  and  APr  to  that  for 
the  standard  condition  of  Vu  =  10%  and  ^Pr  =  85  psi 

L  =  Propellant  loading  fraction  (fraction  of  propellant  tanks 
filled  with  fuel  —  assumes  that  1,  =  x  corresponds  to  a  Vu  = 
10%) 
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L/D  -  Propellant  length- to-diame ter  ratio 
P  =5  Peak  overpressure  (psi) 


AP 


Difference  between  the  tank  burst  pressure  and  the  Initial  tank 
pressure 


t  -  Propellant  mixing  time  (for  CBM  case  corresponds  to  time  from 
initial  propellant  contact  to  Ignition  —  for  CBGS  case  corre¬ 
sponds  to  time  from  initial  propellant  contact  on  ground  sur¬ 
face  to  ignition) 


t*  =  t/W1/3  =  Scaled  propellant  mixing  time 
* 


t  -  Maximum  scaled  propellant  mixing  time  (applicable  to  CEU  case  — 
corresponds  to  time  from  initial  propellant  contact  to  time  for 


the  tanks  to  burst  due  to  pressure  buildup  from  vaporization 
of  cryogenic  propellants) 


crit  -  Critical  scaled  propellant  mixing  time  (applicable  to  LO^RP-l 
and  LO2/LH2  CBGS  case  —  corresponds  to  time  from  Initial  pro¬ 


pellant  contact  on  ground  surface  to  time  of  maximum  yield) 
v  =  Propellant  impact  velocity  on  ground  surface  (or  other  target) 


Vu  =  Thnk  ullage  volume  in  percent  of  total  tank  volume 


AP 


u-eff 


V  =  Effective  ullage  volume  for  constant  AP 
85  u  6  r 


W  =  Total  propellant  weight  (lb) 


Wt  =  Propellant  weight  in  top  tank 


Wb  =  Propellant  weight  in  bottom  tank 


Y  =  Explosive  yield  (percent  of  total  propellant  weight  which  acts 
like  TNT,  assuming  surface  burst  conditions) 


Yj  =  Explosive  yield  computed  from  impulse  data 


Yp  =  Explosive  yield  computed  from  peak  overpressure  data 


Yc  jpeoific  explosive  yield  (yield  per  pound  of  propellants) 
Other  Notation 


Empirically  derived  constants  (a,  a’,  b,  b' ,  c,  c' ,  n,  m,  a, 
a' ,  a",  a"',  0,  fl  ,  0, ,  0O,  6,,  y) 
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Functions  of  variables  j  f (  ),  g(  )t  h(  )  .  .  .  ] 


THERMAL  SYMBOLS 

c  =  Specific  beat  (watt-sec/ gm-°C) 

D  =  Diameter  (ft) 

K  =  Thermal  conductivity  (watt/cm- °C) 
K’  =  (K/3C/7T)1/2 

q  =  Heat  flux  density  (watt/ cm2) 

T  =  Temperature  change  (°K) 
s 

t  =  Time  (seconds) 

W  =  Ibtal  propellant  weight  (lb) 
p  =  Mass  density  (gm/cm3) 
r  =  Fireball  duration  (seconds) 
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Appendix  A 

BLAST  INSTRUMENTATION  SYSTEM 

This  section  describes  the  blast  instrumentation  system  installed  at  test 
pad  1-91,  AFUPL,  for  the  main  portion  of  the  PYRO  test  series.  (Thermal  instru¬ 
mentation  is  described  in  Appendix  C.)  Included  are  a  discussion  of  the  ration¬ 
ale  for  the  design  of  the  system,  the  layout  of  the  measuring  stations,  descrip¬ 
tion  of  the  blast  sensors  and  mounts,  and  a  description  of  the  test  program 
conducted  to  evaluate  the  blast  instrumentation.  Descriptions  of  the  instru¬ 
mentation  systems  installed  at  the  Naval  Ordnance  Test  Station  for  the  high- 
velocity  impact  tests  are  presented  in  the  section  discussing  the  results  from 
those  tests. 

EXPERIMENTAL  ARRANGEMENT 
Gauge  .Station  Array 

lb  provide  adequate  documentation  of  the  explosive  characteristics  of  pro¬ 
pellant  explosions,  it  is  desirable  to  measure  the  pertinent  blast  characteris¬ 
tics  as  a  function  of  both  distance  and  azimuth.  To  provide  this  capability, 
the  blast  gauges  were  placed  on  three  radial  lines  passing  through  ground  zero 
and  oriented  120  deg  with  respect  to  each  other. 

The  basic  blast-gauge  system  consisted  of  overpressure  sensors  on  each  line 
at  several  radii  for  each  propellant  weight.  Since  the  peak  overpressure  de¬ 
creases  approximately  as  the  negative  1,8  power  of  the  distance  over  the  pres¬ 
sure  range  of  primary  concern,  1  to  100  psi,  it  was  convenient  to  space  the  sta¬ 
tions  at  distances  differing  by  a  factor  of  approximately  1.8.  This  resulted 
in  pressures  differing  by  a  factor  of  2,5  from  station  to  station,  or  a  total 
difference  in  pressure  over  five  stations  of  a  factor  of  about  40.  This  arrange¬ 
ment  not  only  provides  a  reasonable  spacing  of  stations  over  the  pressure  range 
of  interest,  but  also  permits  use  of  most  of  the  same  stations  when  the  propel¬ 
lant  weight  used  in  the  testing  is  increased.  At  the  time  the  system  was 
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designed,  the  planned  propellant  weights  were  200,  1000,  5000,  and  25,000  lb, 
each  size  differing  irons  vhe  previous  one  by  a  factor  of  5,  Since  the  pressure 
depends  on  the  ratio  of  the  distance  to  the  cube  root  of  the  charge  weight  and 
since  the  pressure  decreases  approximately  as  the  negative  1.8  power  of  the  dis¬ 
tance,  the  pressure  at  a  given  distance  will  'try  approximately  as  the  0.6  pow¬ 
er  of  the  charge  weight,  i.e.,  it  will  increase  by  a  factor  of  about  2  5  with 
an  increase  of  charge  weight  by  a  factor  of  5.  Since  this  is  the  same  as  the 
difference  in  pressure  from  station  to  station,  the  same  pressure  range  can  be 
covered  for  a  change  in  propellant  weight  by  a  factor  of  5  by  deleting  the 
closest  station  and  adding  one  new  station  at  a  distance  of  approximately  1.8 
times  the  distance  of  the  last  station.  The  actual  propellant  weights  used  dur¬ 
ing  the  program  were  200,  1000,  25,000  ”<d  100,000  lb.  To  accomodate  the 

100,000  lb  propellant  weight,  an  additional  ring  of  gauges  was  installed  using 
the  same  1.8  distance  factor. 

Since  a  variety  of  explosive  yields  was  expected  for  each  scale  of  test¬ 
ing,  ranging  from  as  low  as  1  percent  to  nearly  100  percent,  an  intermediate 
yield  level  of  10  percent  was  selected  for  establishing  the  specific  station 
location,  (A  100-percent  yield  would  give  pressures  about  a  factor  of  4  higher 
than  those  for  a  10-percent  yield,  while  a  1-percent  yield  would  give  pressures 
about  a  factor  of  4  lower.) 

In  addition  to  the  foregoing  considerations,  selection  of  the  actual  pres¬ 
sure  values  for  the  stations  was  guided  by  the  following:  the  pressure  region 
of  primary  interest  Is  between  1  and  100  psi,  and  a  minimum  of  threrv  of  the  sta¬ 
tions  should  be  in  the  region  below  about  15  psi,  where  the  shock  wave  would  be 
expected  to  be  unsupported,  i.e.,  classical  in  nature,  for  a  10-percent  explo  - 
sive  yield  situation. 

To  supplement  the  basic  overpressure  measurement  system,  the  following  ad¬ 
ditional  measureiuents  were  also  installed: 

•  Two  overpressure— time  measurements  as  close  to  the  explosion  as  prac¬ 
tical  . 
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•  Four  measurements  of  stagnation  pressure,  spanning  the  range  from  near 
grourd  zero  to  the  32-psl  level.  (These  gauges  were  also  used  as  time 
of-arrival  gauges.) 


Additional  details  of  the  instrumentation  and  station  layout  are  given  in 
Fig.  A-l  and  Ihble  A-l. 


Transducers  and  Amplifying  and  Recording  System 

The  basic  factors  which  were  considered  in  the  choice  of  an  overpressure 
sensor  for  the  primary  blast-measuring  system  for  project  PYRO  were: 

«  Gauges  which  would  be  unaffected  by  the  ambient  environment  expected  at 
the  test  site  over  the  several-year  test  period.  Hie  most  important 
factor  to  consider  here  is  probably  temperature  stability. 

•  Gauges  which  would  be  small  in  diameter  (<  1/2  in.)  to  fit  in  the  thin 
probe  required  for  the  head-on  overpressure  measurements  and  also  to 
have  a  very  short  air-shock  travel  time  (rise  time)  for  the  side-on 
overpressure  measurements.  The  gauge  and  preamp  system  should  also  have 
a  high  natural  frequency  (2  20  kHz)  to  accurately  measure  the  air  blasts 
from  the  smaller  scale  tests. 

•  Gauges  which  would  survive  the  thermal  and  blast  environment,  which 
could  be  in  excess  of  3,000°K  and  3,000  psi  at  the  close-in  stations. 

o  A  gauge  and  preamp  system  which  had  been  used  in  a  similar  environment 
and  preferably  one  which  we  and  other  investigators  had  used  in  the 
field . 

The  system  selected  to  satisfy  all  of  the  above  requirements  was  manufac¬ 
tured  by  the  Kistler  Instruments  Corporation  and  consisted  of  natural  quartz 
piezoelectric  transducers  (Models  601A,  601H,  603A,  606A,  and  7C1A)  combined 
with  a  charge-amplifier- type  preamp  (Model  566M109).  These  transducers  are 
umall,  approximately  1/4  in,  in  diameter,  with  a  1/8-in.  sensitive  area.  They 
\,ere  enclosed  in  a  stainless  steel  housing,  had  a  flush-mounted  stainless  steel 
diaphragm,  and  were  available  with  overpressure  ranges  in  excess  of  15,000  psi. 
The  frequency  response  of  the  sensor-preamplifier  system  was  rated  from  near  DC 
to  approximately  70  kHz.  The  sensors  had  good  temperature  stability  and,  with 
a  protective  thermal  covering  of  silicone  grease,  had  been  used  successfully  in 
a  similar  propellant-blast  environment  by  URS  and  by  other  investigators. 
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The  charge  amplifiers  for  each  sensor  were  movuted  in  protective  junction 
bores  located  20  to  50  ft  further  away  from  ground  zero  than  the  sensors. 

These  separation  distances  between  the  sensors  and  the  amplifiers  were  neces¬ 
sary  to  eliminate  any  possible  air-induced  ground  shock  from  affecting  the  am¬ 
plifiers  during  the  time  of  interest.  In  all  cases  the  air  3hock  pulse  would 
have  passed  over  the  sensor  before  the  shock  front  reached  the  locstion  of  the 
amplifier  junction  boxes. 

The  control  and  recording  equipment  was  located  in  a  "blockhouse"  approxi¬ 
mately  1000  ft  from  the  test  pad.  The  recording  system  consisted  of  three  Mod¬ 
el  FR-12Q0  and  three  Model  FR-100,  14- track  Ampex  instrumentation  tape  record¬ 
ers  . 


All  pressure  channels  were  recorded  on  the  thi*ee  FR-1200's,  which  were  run 
at  120  ipe.  The  bandwidth  of  these  records  was  DC  to  20  kHz.  The  thermal  in¬ 
strumentation  was  recorded  on  the  FR-100' s,  which  had  a  bandwidth  of  DC  to  10 
kHz.  Tape  speed  for  the  FS-100's  was  60  ips. 
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Mounting  of  Transducers 


i  The  three  basic  sensor  mount  designs  used  for  the  blast  instrumentation  are 

l  shown  in  Figs.  A-2  through  A-4.  The  type  A  mounts,  Fig.  A-2,  were  fabricated 

■  from  3-in. -thick  steel  and  were  used  in  the  close-in  environment.  The  config- 

t  * 

i  uration  shown,  located  4.5  ft  from  ground  zero,  contains  a  side-on  overpressure 

t 

B  sensor  and  a  stagnation  pressure  sensor.  Another  version  of  this  sensor  mount, 

j  with  the  same  basic  design  and  containing  only  a  single  overpressure  sensor,  was 

t  located  at  2.8  ft  from  ground  zero. 


i 
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The  type  B  mount,  Fig.  A-3 ,  located  7.5  ft  from  ground  zero,  was  fabrica¬ 
ted  from  3 -in. -diameter  heavy-wall  stainless  steel  tubing.  The  front  nose  of 
this  mount  was  removable  to  allow  use  of  either  the  pointed  nose  containing  the 


In  thia  discussion,  the  distances  quoted  refer  to  the  200-lb  test  series, 
as  described  in  the  discussion  of  blast  Instrumentation  design.  These  dis¬ 
tances  were  increased  by  a  factor  of  approximately  1.8  for  each  Increase  in 
propellant  weight  of  a.  factor  of  5. 
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Fig.  A-3.  Type  B  Sensor  Mount 
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Side-on  Overpressure  Gauge 


Stagnation  Gauge 


Fig.  A-4.  Type  C  Sensor  Mount 
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stagnation  sensor  or  a  blunt  protective  nose.  A  slde-on-pressure  sensor  was 
located  on  top  of  the  mount,  as  noted  in  the  figure. 

The  type  C  mount,  Fig.  A-4,  combined  the  t  pe  B  with  a  12-in. -high  raised 
pedestal.  At  the  stations  off  the  test  pad,  th<  additional  height  of  the 
raised  pedestal  helped  to  prevent  ground  surface  irregularities  and  the  dust 
created  by  the  explosions  from  influencing  the  overpressure  readings. 

CALIBRATION 

Hie  blast  instrumentation  system  was  calibrated  by  a  variety  of  methods, 
Including  periodic  laboratory  calibration  of  Individual  components,  a  calibra¬ 
tion  of  electrical  components  during  the  countdown  that  pi'oeeded  each  propellant 
and  high-explosive  (H.E. )  test,  a  periodic  end-to-end  field  calibration  of 
individual  channels,  and  complete  system  calibrations  using  standard  H.E. 
charges . 

Calibration  by  Other  Than  High  Explosives 

The  laboratory  calibrations  of  electrical  components  and  piezoelectric 
pressure  transducers  were  periodically  conducted  by  standard  procedures,  the 
latter  by  standard  shock  tube  techniques. 

Calibration,  of  the  charge  amplifiers  in  the  field  preceding  each  propel¬ 
lant  test  was  conducted  by  applying  a  measured  charge  signal  to  the  input  and 
measuring  the  output  voltage  for  the  test  gain  setting,  thus  obtaining  the 
gain  ultimately  required  for  test  data  evaluation. 

An  end-to-end  calibration  of  all  blast  instrumentation  channels  was  con¬ 
ducted  by  dynamically  applying  a  known  pressure  step  to  each  pressure  gauge  in 
Its  field  position  by  means  of  a  small  portable  shock  tube. 

The  calibration  procedure  for  the  amplifiers  used  with  the  thermal  instru¬ 
ments  was  somewhat  less  involved,  since  only  the  external  feedback  circuits 
needed  to  be  measured.  These  circuits  were  constructed  on  printed  circuit  cards 
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for  easy  removal  from  the  test  area  to  the  control  station  for  calibration.  For 
calibration,  these  circuits  are  inserted  into  a  special  calibration  panel  which 
simulates  the  test  configuration. 

It  should  be  mentioned  also  that  AFRPL  instrumentation  personnel  conducted 
an  accuracy  study  of  the  laboratory  and  electrical  calibration  procedures  used 
during  the  program.  This  study  is  reported  in  Ref.  A-l. 

High- Explosive  (H.E.)  Calibration  Itests 


General  Description 


Calibration  of  the  instrumentation  system  was  performed  throughout  the  pro¬ 
gram  by  detonating  spherical  charges  of  high  explosives  whose  explosive  proper¬ 
ties  are  well  known  (TNT  and  Pentolite).  The  purpose  of  these  tesr.s  was  to 
verify  the  correct  overall  operation  of  the  blast  instrumentation  system,  both 
initially  and  throughout  the  program,  and  to  provide  information  on  the  system 
reproducibility . 

A  summary  of  the  calibration  tests  is  given  in  Ihble  A- 2  showing  their  di¬ 
vision  into  test  series,  the  first  series  being  conducted  to  test  the  system 
initially,  and  each  of  the  remaining  series  being  associated  with  a  given  set 
of  propellant  tests. 

The  spherical  charges  were  detonated  at  a  scaled  height  of  burst  (HOB)  of 
1/3 

about  1  ft/lb  for  all  tests.  This  charge  height  was  selected  because  it  was 
high  enough  to  minimize  cratering  and  the  subsequent  hazard  to  instrumentation 
from  flying  debris  and  still  low  enough  to  ensure  a  well -developed  shock  front 
at  the  closest  above-surface  transducer.  Furthermore,  this  charge  height  is 
high  enough  so  that  the  particular  nature  of  the  ground  surface  would  not  sig¬ 
nificantly  influence  the  results.  (Much  of  the  available  reference  data  are 
for  natural  ground  surfaces,  such  as  hard-packed  clay,  while  the  surface  in  the 
vicinity  of  the  explosion  for  the  PYRO  tests  is  concrete.) 
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Table  A-2 

SUMMARY  OF  H.E.  CALIBRATION  TESTS 


NUMBER 

OF  TESTS 

CHARGE 

WEIGHT 

(lb) 

TYPE 

TEST  SERIES  DESCRIPTION 

6 

18 

PBntolite 

Initial  series;  conducted  prior  to  pro¬ 
pellant  testing. 

18 

18 

Pentolite 

Conducted  periodically  throughout  the 
propellant  testing  at  the  200-  and 
1,000-lb  levels. 

3 

500 

Pentolite 

Conducted  in  conjunction  with  the 
25,000-lb  tests  and  the  Titan  I  test. 

2 

1 ,000 

TNT 

Conducted  in  conjunction  with  the 

S-IV  test. 

Calibration  Data 

The  individual  gauge  readings  of  peak  overpressure  and  impulse  for  each  of 

* 

the  four  test  series  listed  in  Table  A-2  are  given  in  Tables  A-3  through  A-6 . 

It  can  be  seen  from  the  tables  that  various  gauge  changes  were  implemented, 
usually  between  test  series.  For  instance,  subsequent  to  the  Initial  six  test3 
one  of  the  three  gauges  at  both  the  6.6-  and  12.8-ft  distances  was  deleted.  In 
addition,  starting  with  Test  221,  three  gauges  were  added  at  both  117  and  200 
ft.  The  system  was  modified  for  the  500-lb  pentolite  tests  (see  Table  A-5)  as 
follows:  three  gauges  (one  for  each  gauge  line)  were  added  at  both  the  335- 
and  600-ft  distances,  two  gauges  were  deleted  at  13  ft,  leaving  one  gauge  at 
this  distance  along  either  gauge  line  A  or  C;  and  at  both  the  23-  and  37-ft  dis¬ 
tances,  a  gauge  was  deleted  along  gauge  line  A,  leaving  seven  gauges  along  gauge 
lines  B  and  C. 


These  data  have  not  been  corrected  for  the  difference  in  ambient  pressure  be¬ 
tween  the  test  pad  (about  13.4  pai)  and  sea  level  (14.7  psi),  since  the  net 
effect  of  the  correction  (which  has  to  be  made  in  both  the  overpressure  and 
scaled  distance)  is  so  small  as  not  to  influence  any  of  the  conclusions 
drawn  from  the  data. 


PEAK  OVERPRESSURE  (PSI)  AND  POSITIVE-PHASE  IMPULSE 
CPSI-MSEC)  FROM  18-LB  PENTOLITE  SPHERES 
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For  the  system  as  it  existed  for  the  Saturn  S-IV  test,  two  1000-lb  TNT 

spheres  were  detonated  immediately  after  the  propellant  test  at  the  usual  1-ft/ 
1/3 

lb  scaled  height  of  burst.  It  can  be  seen  from  "Bible  A-6  that  the  gauge  ar¬ 
ray  for  these  tests  was  much  like  that  for  the  25,000-lb  and  Titsn  I  tests,  al¬ 
though  there  were  no  13-ft  gauges  and  only  one  each  at  the  22.5-,  37.1-  and 
66.6-ft  distances.  It  can  also  be  seen  from  the  table  that  the  agreement  be¬ 
tween  the  pressure  and  impulse  results  from  gauges  at  the  same  distance  and  for 
each  particular  test  is  quite  good,  but  that  the  close-in  data  for  test  064  are 
generally  higher  than  the  data  for  shot  063.  While  this  difference  is  not  un¬ 
like  the  normal  test-to-teat  reproducibility  at  those  distances,  it  is  unusual 
for  all  the  data  to  have  the  same  trend.  A  possible  explanation  for  this  is 
that  the  detonation  conditions  for  the  two  tests  were  not  the  same.  The  charge 
for  Test  063  was  detonated  at  the  top  surface,  using  a  C4  booster,  and  the 
charge  for  Test  064  was  detonated  at  the  center,  using  the  internally  cast  pen- 
tolite  booster.  While  very  little  is  known  about  the  effect  of  point  of  initia¬ 
tion  on  blast-wave  parameters  measured  close  to  a  charge,  it  appears  reasonable 
to  assume  that  at  least  some  of  the  data  spread  can  be  attributed  to  this  change 
in  detonation  conditions. 


Results  of  High-Explosive  Calibration  "tests 


The  calibration  test  data  are  presented  in  this  section  in  terms  of  peak 
pressure  and  positive-phase  impulse  versus  scaled  distance  graphs;  for  purposes 
of  comparison,  standard  reference  curves  are  included.  Also  presented  are  the 
results  of  statistical  analysis  of  both  the  initial  18-lb  pentolite  tests  and 
the  subsequent  series  of  eighteen  18-lb  pentolite  tests;  no  comparable  analyses 
were  performed  for  the  500-  and  1000-lb  series  due  to  the  small  number  of  tests 
conduc  ted . 


Hie  surface  burst  reference  curves  included  with  the  calibration  data  plots 
are  based  on  TOT  surface  burst  data  given  in  Refs.  A-2  and  A-3  for  pressure  and 
impulse,  respectively.  For  use  in  these  plots,  these  reference  curves  have  been 
adjusted  to  a  pentolite  base.  This  adjustment  entails  the  assumption  that  1.18 
lb  of  TOT  is  equivalent  to  1  lb  of  pentolite. 
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Also  included  on  some  of  the  calibration  data  figures  are  reference  curves 

based  on  spherical  charges  of  Composition  A  detonated  at  a  scaled  HOB  of  1.4 

1  /3 

ft/ib  (from  Ref.  A-4).  As  would  be  expected,  the  surface  burst  data  tend  to 

1/3 

lie  somewhat  below  the  calibration  data  collected  at  a  scaled  HOB  of  1  ft/lb 
and  closer  to  the  Composition  A  data  collected  at  a  sealed  HOB  of  1.4  ft/ 


18-lb  Pentollte  Tests.  Plots  Indicating  the  results  of  the  twenty-four 
18-lb  pentolite  tests  are  given  for  peak  pressure  and  scaled  impulse  on  Figs. 

A-5  and  A-6 ,  respectively.  The  plotted  points  represent  the  mean  pressure  or 
impulse  averaged  over  all  three  gauge  lines  and  all  24  tests;  data  are  occasion¬ 
ally  missing  for  one  or  more  of  the  three  gauges  at  a  given  distance,  and  the 
data  from  each  test  —  rather  than  each  gauge  —  were  weighted  equally.  Hie 
brackets  associated  with  each  plotted  point  indicate  tne  estimated  standard 
deviation  of  the  measurements,  where  the  standard  deviation  is  of  the  distribu¬ 
tion  of  pressure  or  scaled  impulse  means  over  the  gauge  lines;  thus,  for  pres¬ 
sure  (or  impulse)  at  67  ft,  the  distribution  consists  of  24  pressure  (or  24 
scaled  impulse)  values,  and  since  gauges  were  installed  for  the  last  eight 
tests  only  at  the  117-  and  200-ft  aistanees,  the  distribution  at  these  distan¬ 
ces  consists  of  eight  pressure  (cr  eight  scaled  impulse)  values. 

One  of  the  major  purposes  of  the  calibrations  tests  was  to  obtain  statis¬ 
tical  information  that  wo’iJ.d  be  useful  in  the  analysis  of  the  propellant  test, 
data,  e.g.,  estimates  of  the  standard  deviation  which  can  be  attributed  to  the 
instrumentation  system.  The  desired  statistical  information  was  obtained  from 
the  results  of  the  tests  by  means  of  analysis  of  variance  techniques.  Separate 
analyses  were  made  for  the  pressure  and  impulse  data  at  each  distance;  a  two- 
way  classification  was  used,  the  factors  being  the  shot  (test)  and  the  gauge, 
and  interactions  were  assumed  negligible. 

Ihe  results  of  the  analysis  for  the  initial  six  tests  are  given  in  Table 
A-7.  For  this  test,  series  a  5-percent  level  of  significance  was  used.  Under 
the  column  labeled  "effect,'1  a  "yes"  (or  "no")  indicates  that  there  was  (or  was 
not)  a  statistically  significant  difference  between  the  mean  values  for  that 
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SCALED  DISTANCE  (FT/LB*/®) 


Fig.  A-6 .  Scaled  Positive-Phase  Impulse  vs  Scaled  Distance  from  Twenty- lot 
18-lb  Pentolite  Spheres  at  a  Scaled  HOB  of  1.0  ft/lb1 
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parameter.  For  example,  a  "yes"  under  the  gauge  column  indicates  that  the  mean 
values  from  the  various  gauges  (averaged  ove:.  all  shots)  were  significantly  dif¬ 
ferent.  Similarly  a  "no"  under  the  shot  column  indicates  that  the  mean  values 
from  the  various  shots  (averaged  over  all  gauges)  were  not  significantly  differ¬ 
ent.  Also  given  in  Table  A-7  is  an  estimate  of  thu  standard  deviation  of  an 
individual  reading  computed  from  all  the  data.  This  standard  deviation  Includes 
shot  and/or  gauge  effects,  if  they  are  present. 


Table  A-7 

RESULTS  OF  STATISTICAL  ANALYSIS  OF  THE  INITIAL  SIX  18-lb  PENTOLITE  TESTS 


PARAMETER 

DISTANCE 

EFFECT 

ESTIMATE  OF 

(ft) 

SHOT 

GAUGE 

%  STANDARD  DEVIATION 

OF  INDIVIDUAL  READING 

6.6 

No 

Yes 

15.5 

12.8 

No 

No 

12.2 

Pressure 

22.5 

Yes 

Yes 

14.8 

22.5* 

No 

Yes 

13.9 

37.1 

No 

Yes 

11.2 

66.6 

No 

No 

7.4 

6.6 

No 

Yes 

9.0 

12.8 

No 

No 

5.4 

Impulse 

22.5 

Yes 

Yes 

10.8  j 

22.5* 

No 

Yes 

9.9 

37.1 

No 

No 

7.7 

66.6 

No 

No 

5.7 

Eliminating  Shot  018 


From  Table  A-7  it  can  be  seen  that,  except  at  the  22.5-ft  station,  there 
are  no  significant  shot  effects  for  either  pressure  or  impulse.  Furthermore, 
it  may  be  seen  that  if  shot  18  is  eliminated  from  consideration,  the  shot  ef¬ 
fect  at  the  22.5-ft  station  disappears.  Since  shot  18  was  the  first  of  the  six 
calibration  shots  and  testing  procedures  were  still  being  developed,  it  is  be¬ 
lieved  that  its  results  should  not  be  weighted  very  heavily.  Accordingly,  it 
is  concluded  that  the  inevitable  shot-to-shot  variations  in  the  actual  blast 
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wave  from  the  high-explosive  charges  do  not  significantly  inflate  the  total 
standard  deviations  over  and  above  those  that  are  attributable  to  the  instru¬ 
mentation.  system  alone. 

The  analyses,  however,  did  indicate  significant  gauge  effects  at  the  6,6- 
and  22.5-ft  stations  for  both  pressure  and  impulse  and  for  pressure  at  the 
37.1-ft  station. 

The  results  given  in  Table  A-7  indicate  that  the  system  as  initially  in¬ 
stalled  typically  gave  a  pressure  standard  deviation  value  of  about  12  to  13 
percent  and  an  impulse  deviation  of  about  8  to  9  percent. 

An  analysis  of  variance  similar  to  that  for  the  initial  six  tests  was  also 
performed  for  the  eighteen  remaining  18-lb  calibration  tests,  the  latter  differ¬ 
ing  only  in  that  a  2 . 5-percent  (rather  than  5-percent)  level  of  significance  was 
used  due  to  the  increased  quantity  of  data.  The  results  are  quite  similar  to 
those  from  the  initial  test  series;  for  instance,  shot  effect  was  present  only 
for  impulse  at  23  ft,  and  gauge  effects  were  present  in  9  of  14  cases,  as  op¬ 
posed  to  5  of  10  for  the  initial  series.  Gauge  line  effects,  however,  are  or¬ 
dinarily  of  little  consequence  in  evaluating  terminal  yield  as  described  above, 
since  gauge  line  averages  are  used.  In  the  infrequent  instances  of  missing  data 
at  the  outer  distances,  adjustments  to  the  data  in  order  to  compensate  for  gauge 
effects  are  sometimes  necessary.  Any  investigation  of  azimuthal  variations  in 
the  blast  wave  would  of  ^course ,  require  consideration  of  gau^e  line  effects. 
However,  blast  wave  asymmetries  for  the  propellant  tests  (at  the  AFRPL  test 
site)  are  not  pronounced.  Therefore  such  an  investigation,  beyond  that  required 
to  establish  the  extent  of  blast  asymmetries,  is  not  included  in  this  program. 

In  the  interests  of  indicating  the  general  magnitude  of  the  gauge  line  effects 
that  are  present  in  the  instrumentation  system,  however,  Table  A-8  is  presented 
to  enable  ready  comparison  of  the  gauge  line  mean  values  of  pressure  and  im¬ 
pulse  with  the  total  mean  value  at  each  distance  for  the  18  calibration  tests. 
Where  the  analysis  of  variance  has  indicated  that  the  gauge  line  differences 
are  significant,  the  total  mean  value  is  followed  by  an  asterisk  (*).  It  can 
be  seen  from  the  table  that  the  mean  value  for  a  given  gauge  line  is  not  grossly 
different,  from  the  corresponding  total  mean  value. 
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Table  A- 8 

GAUGE  LINE  COMPARISONS 


PRESSURE  - 
IMPULSE 

DISTANCE 

(ft) 

MEAN  VALUE  OVER  GAUGE  LINE 

MEAN  VALUE 
OF  ALL 
MEASUREMENTS 

A 

B 

C 

6  .6 

- 

224 

262 

243 

32.8 

- 

71.7 

68.9 

70.3 

23 

17.1 

18.5 

18.5 

18.0+ 

Pressure 

37 

6  .31 

6  .44 

6.63 

6.46* 

67 

2.72 

2.49 

2.59 

2.60* 

117 

1.13 

1  .30 

1.26 

1 .23* 

200 

0.596 

0.674 

C.659 

0.643* 

6.6 

- 

83.2 

80.8 

82.0 

12.8 

- 

40.6 

43.0 

41.8 

23 

25.2 

27.4 

26.8 

26.4 

Impulse 

37 

19.0 

17.6 

17.2 

18.0* 

67 

10.1 

9.69 

9.68 

9.89* 

117 

5.79 

5.85 

6.21 

5.95 

200 

3.39 

3.42 

3.72 

3.51* 

The  analysis  of  variance  of  these  eighteen  tests  indicated  that  the  pres¬ 
sure  standard  deviation  was  about  8.7  percent,  and  the  impulse  deviation  about 
8.7  percent.  These  numbers  are  similar  to  those  obtained  in  the  analysis  of 
the  initial  series  of  six  18-lb  tests,  and  as  before,  these  values  are  inflated 
somewhat  due  to  gauge  line  and,  to  a  lesser  extent,  shot  effects. 

Series  of  Three  500-lb  i^ntolite  Tests.  Overpressure  and  scaled  impulse 
versus  distance  plots  for  the  three  500-lb  pentolite  tests  are  presented  in 
Fig.  A-7.  In  this  case,  each  point  s-epresents  the  average  of  three  gauge  read¬ 
ings  (one  for  each  gauge  line)  at  a  given  distance  for  a  given  test.  As  for 
the  previous  test  series,  the  INT  surface  burst  curves  adjusted  to  the  pentolite 

base  are  included  in  the  figure  (continuous  line),  along  with  the  curves  from 

1/3 

Composition  A  detonated  at  a  scaled  HOB  of  1.4  f c/lb 


Due  to  the  limited  number  of  tests  in  the  500-lb  series,  the  analysis  of 
variance  was  not  performed. 


A-26 


URS  652-35 


AFRPL-TR-68-92 


SUMMARY  TABLE 

VARIABLE 

MULTIPLE 

INCREASE 

STEP  NUMBER 

ENTERED  REMOVED 

R 

RSQ 

IN  RSQ 

1 

DV2 

0.7272 

0.5288 

(3) 

0.5288 

2 

d2v2 

0.7564 

0.5721 

(4) 

0.0433 

Fig.  B-lb.  Partial  Output  from  Computer  Program  BMD  02  R 
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Note  that  contribution  of  the  second  variable  was  4  percent.  If  in  our 
judgment  this  increase  in  explained  variation  was  too  small,  then  that  varia¬ 
ble  was  omitted  from  the  final  form  of  the  regression  equation.  Such  an  elim¬ 
ination  of  terms  enabled  us  to  simplify  the  starting  equation  given  in  Section 
5  to  that  used  in  this  section. 

The  coefficients  of  the  best  fitting  yield  relationships  are  given  in  Fig. 
B-la  (10)  and  thus 


Y 


18.4  +  0.0031 


*  2 
D  v 


0.00015 


*2  2 
D  v 


(B.l) 


The  residual  variance  which  is  needed  to  estimate  the  upper  prediction  in¬ 
terval  is  206.4  (8). 


Prediction  Interval  Estimation 

lb  obtain  a  "reasonable"  bound  for  a  future  yield  observation,  an  upper 
prediction  interval  was  computed.  For  0  <  a  <  1 ,  an  upper  prediction  interval 
is  an  interval  bounded  above  which  will  bracket  a  single  future  observation 
with  probability  1-a.  H»e  decision  to  consider  only  an  upper  limit  was  based 
on  interest  in  maximum  credible  yields,  rather  than  minimum.  The  a  level  up¬ 
per  prediction  interval  for  an  observation  Y  resulting  from  a  choice  of  indepen¬ 
dent  variables  (Z^ ,  Zg,  ...,  is  given  by  the  equation 


<v 

y  =  y  + 

u 


(O  •  (>  *  E  E  *1J  v) 

\  1  —  O  j  =  Q  / 


<B.2) 


Where  the  symbols  have  the  following  definitions 


Y  is  the  value  of  the  regression  equation  computed  at  the  point 


<Z, 


V 


P-1 


) 


t 


a 


n-p 


is  a  constant  obtained  from  a  table  of  Students  t  distribution  with 
n-p  degrees  of  freedom 
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n  is  the  number  of  sample  points  and  p  is  the  number  of  parameters.  The 
quantity  n-p  can  be  found  easily  in  Fig.  B-la  (9). 

2 

S  is  the  square  root  of  S  ,  the  residual  variance  identified  earlier 

A1^  is  the  i,1th  element  in  the  inverse  to  the  matrix  )  whose  ijth  ele¬ 
ment  is:  ** 


11 


Xif  Xjf 


where 

th  th 

X  is  the  i  (i  =  1 ,  ...,  p  -  1)  element  of  the  j  observation  of  the 
'*■'*  vector  X  and  for  all  j  X  =  1. 

oj 

For  the  LO  /LH  CBGS-V  case,  we  can  make  the  following  identifications: 

A  6 

Y  is  given  by  Eq.  (B.l) 
a  was  chosen  to  be  0.1  for  all  cases 
n  =  20,  p  =•  3,  and  n-p  =  17 


t.a  =  1.33 
n-p 


20 

1 .05445 

X 

io5 

8.101516 

X 

io5  ^ 

1.705445 

j:  105 

2 .346231 

X 

io9 

1.214744 

X 

o 

H* 

o 

8.1015x6 

x  105 

1.214744 

X 

to10 

7.912697 

X 

io10/ 

This  matrix,  when  inverted,  yields 

(1.374266  x  10 
1.318130  x  10 
,6.165114  x  10 


-i 

-1.318130 

X 

io"5 

6.165114 

X 

io-7  ' 

r5 

3.341659 

X 

io’9 

-3.780473 

X 

io’10 

r7 

-3.780473 

X 

io’10 

6  .436284 

X 

1Q~X\ 

B-8 


Swlw  of  T*o  l.QOO-lb  TOT  Thsts.  Pressure  aud  >. upu  1  sc  date  fro*  the  teo 
1 ,000-lh  TOT  teste  that  followed  the  S- 1 V  propellent  test  ere  plotted  In  Tip. 
A- 8  end  A-9 ,  respectively.  Bach  date  point  represents  the  gauge  line  average 
at  that  distance  for  a  particular  test.  The  TNT  surface  hurst  reference  curves 
from  Refs.  A-2  and  A-3  are  Included  in  the  figures  (continuous  line);  these 
curves  are  thus  identical  with  those  used  to  evaluate  yields.  The  Composi¬ 
tion  A  curves  at  the  scaled  HOB  are  also  included  (dashed  line),  although  In 
this  case  they  have  been  adjusted  to  a  TNT  base  by  the  assumption  that  1.18  lb 
of  TNT  is  equivalent  to  1.0  lb  of  Composition  A. 

It  can  be  seen  from  the  figures  that  the  data  once  again  tend  to  lie  be¬ 
tween  the  surface  burst  and  scaled  HOB  curves. 

Due  to  the  small  number  of  tests,  no  statistical  analysis  of  the  data  was 
conducted. 
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Upon  identifying 


*  2 
Zx  -  D  v 

„  *2  2 
Z2  =  D  y 


Eq.  (B.2)  can  be  rewritten  as 

$  2  *2  2  , 
Yu  r.  18.4  +  0.0031  D  v  -  0.00015  D  v  +  1.33  V206 .4  (1  +  1.374266  x  10 

+  3.341659  x  10~9  D*Zv4  +  6.436284  x  lo"11  D^V  -  2.636260  x  lo“S 

D%2  +  12.330228  x  10~7  D*2y2  -  7,560946  x  10_1°  D*3v4)1/Z 


LO-/RP-1  CBGS  -  VERTICAL 
2 


The  form  of  the  generalized  equation  selected  for  the  regression  analysis 
of  this  case  was 


where  a,  b,  a',  b' ,  n,  and  m  are  constants. 

In  this  analysis  the  data  (given  in  Table  B-2)  were  divided  into  two  sets, 

♦ 

set  number  1  consisting  of  those  having  D  /  ra  values  less  than  the  critical  and 

♦  ^ 

set  2  consisting  of  those  values  of  D  / greater  than  critical.  Various  trial 
plots  of  the  data  using  a  range  of  n  and  m  values  were  used  to  make  the  initial 
grouping  of  data.  Regression  analyses  were  then  made  using  the  above  equations 
and  the  data  in  Table  B-2  for  all  combinations  of  n  and  m  ranging  from  0.1  to 
1.0  in  0.1  increments. 

Although  the  minimum  residual  error  for  each  part  of  the  equation  did  not 
occur  for  the  identical  set  of  r  and  m  values,  the  two  minimums  were  quite  close 
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Table  B-2 

LO  /RP-1  CBGS  -  VERTICAL  DATA  USED  IN  ANALYSIS 


L/D 

Weight 

(lb) 

Velocity 

(ft/sec) 

Test 

Number 

Terminal 

Yield 

(%) 

Ignition 

Time 

(msec) 

1.8 

200 

23 

144 

24 

190 

1.8 

200 

23 

202 

42 

870 

1.8 

200 

23 

243 

25 

210 

1.8 

200 

44 

208 

62 

460 

1.8 

200 

44 

232 

30 

1220 

1.8 

200 

44 

249 

50 

710 

1.8 

200 

44 

250 

52 

200 

1.8 

1000 

44 

267 

64 

1170 

1.8 

1000 

44 

268 

70 

340 

1.8 

1000 

44 

220 

9S 

525 

1.8 

1000 

44 

219 

1.4 

1835 

1.8 

200 

77 

110 

26 

35 

1.8 

200 

77 

205 

41 

40 

1.8 

200 

77 

206 

85 

350 

1.8 

200 

77 

207 

38 

28 

1.8 

200 

77 

236 

74 

720 

1.8 

1000 

77 

190 

96 

570 

1.8 

J  JOO 

77 

269A 

44 

77 

M-M 


'TM4-H 
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AFRPL-TR-6B-111 ,  A  Report  of  »n  Instrumentation  Accuracy  Study  Con¬ 
ducted  by  AFPJL  on  the  Basic  PFBO  Instrumentation  System  (in  prass) 

Klngery,  C.N.  and  B.F.  Pannlll,  Peak  Overpressure  Vs.  Scaled  Distance 
for  TNT  Surface  Bursts  (Hemispherical  Charges).  BRL  Memorandum  Report 
No.  1518,  Ballistic  Research  Laboratories,  April  1964  (AD  443  102) 

Defense  Atomic  Support  Agency,  Operation  SNOW  BALL  Project  Descrip¬ 
tions  ,  Volume  1  (U),  DASA  Data  Center  Special  Report  24-1,  DASA 
1516-1  (AD  441  974) 

Wilto.1,  C. ,  K.  Kaplan,  and  N.  Wallace,  Study  of  Channeling  of  Air 
Blast  Waves  Final  Report,  URS  170-19,  MSA-1605,  URS  Corporation  for 
the  Defense  Atomic  Support  Agency,  Burlingame,  California,  December 
1964 
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together  and  the  errors  in  the  vicinity  were  changing  rather  slowly.  The  gen¬ 
eral  region  of  the  mlnimums  for  both  parts  of  the  equation  occurred  for  n  values 
of  0.8  and  0.9,  and  m  values  of  0.1  to  0.3. 


The  specific  values  of  n  --  0.9  and  in  equal  to  0.2  were  selected  as  suit¬ 
able  values  near  the  minimum  of  each  part  of  the  equations  and  used  in  deter¬ 
mining  the  following  final  form  of  the  equations: 


0.22  +  2.7 


for 


1.1 


0.2 

0.33  +  3.2 

D 


for  "O  >  11 

V 


The  upper  prediction  intervals  calculated  for  these  equations  are: 


(71)  -  (;b)  *  (0-2°)(1.42)  (: 


*2vl/2 


V  V  / 


for 

V 


(  \  /  \  /  0*2  0 . 4  \l/2 

;b)  ■  (7s)  *  (i  m  -  *•“  V  * 2-49 


f°f  ~^2  >  1’X 
V 


B-ll 


**r  •***$*’•!' 


F 


r~ 
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was 


The  generalized  form  of  tho  equation  selected  for  the  regression  analysis 


Y  =  a  +  bt*  +  +  d(L/D)  +  e(D  /D  ) 

W  o  t 


*  ,  1/2 

where  a,  b,  c,  d ,  and  e  are  constants  and  t  =  t/W 

The  data  for  the  D  /D,  of  1.0  and  1/D  of  1.8  condition  were  excluded  from 
o  t 

the  general  analysis  because  their  general  pattern  was  significantly  different 
from  that  of  the  remainder  of  the  data,  and  the  condition  is  of  little  inter¬ 
est.  because  D  /D  values  greater  than  0.45  are  const-  red  highly  unlikely. 

’  a  t 

Tile  remainder  of  the  data  Indicated  that  the  yield  increased  with  time  up 

1/3 

to  a  scaled  time  of  about  17  msec/lb  and  then  became  Independent  of  time . 
Accordingly,  the  data  shown  In  Table  B-3  were  divided  into  two  groups  for  analy¬ 
sis  with  this  equation. 

Set  1  consists  of  9  points  corresponding  to  time  values  less  than  or  equal 
to  100  msec.  Set  2  consists  of  11  points  for  which  the  ignition  time  was  great¬ 
er  than  or  equal  to  82  msec. 

For  set  1,  the  regression  equation  was 


Y  =  2.75  0.82  t 


(B.3) 


The  other  independent  variables,  L/D  and  D^/D^,  dc  not  explain  any  appre¬ 
ciable  amount  of  variability  and  hence  were  not  included  in  the  regression  equa¬ 
tion. 

For  set  2,  the  regression  equation  was  computed  to  be 


Y  =  20.0  +  0.00034  t 


B-12 


(B.4) 


I 


MS  *W-35 


B 

■■rr - -  b 

STATISTICAL  ANALYSIS  PSOC£IXJI«S 


Data  collected  In  the  basic  cryogenic  test  program  war*  analysed  using  the 
methodology  described  In  this  section.  The  two  propellant  combinations ,  LOj/ 
RP-1  and  LO^LH^t  and  the  two  basic  test  configurations  (CBM  and  CBGS)  used  gave 
rise  to  the  four  cases  described  in  Section  5.  To  simplify  the  presentation  of 
the  statistical  procedures,  the  analysis  of  the  data  arising  in  each  of  the 
four  cases  is  presented  in  the  following  order: 

1.  L02/LH2  CBGS  -  Vertical 

2.  L02/RP-1  CBGS  -  Vertical 

3 .  L02/LH2  CBM 

4.  LO  /RP-1  CBM 

The  analysis  was  accomplished  in  two  steps.  In  the  first,  regression  tech- 
* 

niques  wer;  employed  to  obtain  a  relationship  between  yield  and  factors  affect¬ 
ing  yield.  Hie  process  of  establishing  the  form  of  the  yield  equation  is  de¬ 
scribed  for  each  case  In  Section  5.  P'  , session  techniques  were  used  to  compare 
alternative  foi-..-  for  the  ylela  equation,  to  select  factors  which  could  best  ex¬ 
plain  observed  variation  in  yield,  and  to  determine  values  for  the  unknown  pa¬ 
rameters  in  the  final  equation. 


In  the  second  step,  prediction  interval  estimation  techniques  were  used  to 
determine  an  upper  bound  on  a  future  yield  observation. 


These  two  steps  will  be  described  in  detail  and  illustrated  with  the  !ta 
from  the  LO„/LH  CBGS-Vertical  test  series.  For  the  other  cases,  the  two  steps 
are  described  briefly  and  variations  in  the  analysis  procedure  are  noted. 


See  R.  G.  Miller,  Simultaneous  Statistical  Inference,  McGraw  Hill,  1966, 
New  York,  for  description  of  these  techniques. 
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Table  B-3 

TEST  DATA  FOR  LH  /LO  CBM 


L/D 

D  /D 
o  t 

Weight 

(lb) 

Test 

Number 

Ignition 

Time 

(msec) 

Terminal 

Yield 

(%> 

Set 

Number 

1.8 

0.45 

200 

053 

1 

4 

1 

1.8 

0.45 

200 

090 

35  sec 

29 

2 

1.8 

0.45 

200 

118 

82 

20 

1,2 

1.8 

0.45 

200 

’  99 

816 

8 

2 

1.8 

0.45 

200 

200 

417 

17 

2 

1.8 

0.45 

1000 

210 

20 

7 

1 

1.8 

0.45 

1000 

212 

1366 

27 

2 

1.8 

0.45 

1000 

213 

708 

35 

2 

1.8 

0.45 

1000 

265 

750 

10 

2 

1.8 

0,083 

200 

169 

318 

15 

2 

1.8 

0.083 

200 

173 

56 

13 

1 

5 

1 

200 

052 

83 

7 

1 

5 

1 

200 

057 

12 

1 

5 

1 

200 

092 

3  min 

26 

5 

0.45 

200 

054 

17 

6 

1 

5 

0.45 

200 

055 

1 

A 

1 

X 

1 

5 

0.45 

200 

094 

329 

25 

2 

5 

0.45 

200 

138 

100 

17 

1,2 
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LOj/U^  CSCS  -  VERTICAL 

Yield  grtlMUon  by  teirwton  Analysis 

In  simple  regression,  one  has  a  dependent  variable,  Y,  and  an  independent 
variable,  X.  A  sjt  of  observation  pairs  collected  on  Y  and  X  la  used  to  fit  a 
line  relating  Y  to  X.  In  Multiple  regression,  one  has  a  dependent  variable,  Y, 
and  several  Independent  variables,  X^ ,  ,  .  .  .,  X^.  Sets  of  data  consisting 

of  p  +  1  numbers  are  collected  from  which  Is  obtained  a  set  of  coefficients 
fio,  fi  ,  .  ,  .  ,  fi  enabling  the  yield  to  be  expressed  in  terms  of  the  indepen¬ 
dent  variables  according  to  the  equation 

Y  =  0o  -r  /i1X1  +  13^  ...  +  /3pXp 

The  relationship,  though  seemingly  linear,  can  be  made  nonlinear  by  replacing 

an  independent  or  dependent  variable  with  seme  nonlinear  function  of  that  vari- 

1/2 

able .  Thus ,  for  example ,  Y  can  be  replaced  by  Y  cr  X.  can  be  replaced  by 

2  1 
X^ ,  etc.  Thus,  many  different  functional  forms  of  the  regression  equation  can 

be  examined  to  find  that  one  which  does  the  best  job  in  explaining  the  variation. 

For  the  bO^/L'V,  CBGS- Vertical  case,  the  final  form  of  the  regression  equa¬ 
tion  was  found  (Section  5)  to  be  of  the  form 

*2  *2  2 
V^^+lSjDv  +/3  v 


where 


* 


D 


and  the  symbols  are  defined  as  follows: 
v  denotes  velocity  (fps) 

T  denotes  ignition  time  (sec) 


W  denotes  weight  (lb) 
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which  for  all  intents  and  purposes  can  be  considered  independent  of  t. 

The  regression  relation  for  yield  was  then  taken  to  be  Eq.  (B.3)  up  to  the 
time,  tc,  at  which  this  relation  intersected  the  constant  20.0  and  constant 
thereafter. 

Thus  , 


12.75  +  0.82  t*  t*  <  21.1 
* 

20.0  t  >  21.1 

An  upper  prediction  interval  for  Eq.  (B.3)  was  computed  to  be  V  =  2.75  + 
0.82  t*  +  (1.415)  (4.10)  (1.24  -  0.00374  t*  +  0.00270  t+2)1/2,  where  1.415  is 
the  value  of  the  t  distribution  of  a  =  0.1  and  seven  degrees  of  freedom,  and 
4.10  is  the  residual  standard  deviation,  S. 

An  upper  prediction  interval  for  Eq.  (B.4)  is 

Yu  =  20.0  +  (1.33)  (8.46)  (1.10)1/2 

It  is  possible  to  ,,oin  the  two  upper  prediction  intervals  by  finding  the 
point  in  which  they  intersect  in  the  same  manner  as  described  for  the  regres¬ 
sion  equations. 

LO^/RP-1  CBM 

The  data  for  this  case  consist  of  the  23  tests  described  in  Table  B-4.  The 
data  can  be  observed  to  divide  into  two  overlapping  sets.  One  set  consists  of 
the  sixteen  200-lb  tests  in  which  the  parameter  L/D  assumes  the  values  of  1.8 
and  5  and  the  parameter  DQ/Dt  assumes  the  values  0.45  and  1.  The  other  set  con¬ 
sists  of  the  13  tests  for  which  L/D  =  1.8  and  D  /D,  =  0.45.  In  these  13  tests, 
the  propellant  weight  parameter  takes  on  the  values  of  200,  1,000  and  25,000  lb. 


r* 
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ns  iU-3i 


Anut-TiHk-n 


To  t  each  teat  the  data  consisted  of  yield,  ignition  tiat ,  inpact  velocity, 
and  propellant  weight.  For  the  20  taata  uaad  in  the  analysis,  these  data  are 
shown  in  Table  B-l . 

Conputations  were  done  on  a  CDC  3800  computer  system  using  a  atepwiae  re¬ 
gression  program,  HMD  02  R,  developed  as  part  of  the  biomedical  programs  pack¬ 
age  by  the  UCLA  Health  Sciences  Computing  Facility.  A  partial  output  from  this 
program  is  shown  in  Fig.  B-la. 

Note  that  the  regression  equation  is  developed  stepwise.  The  contribution 
of  each  variable  in  reducing  the  unexplained  variation  in  the  data  is  computed 
and  the  variable  showing  the  greatest  reduction  is  entered  first. 

^  2  4-4-  9 

In  this  case  D  v  was  the  first  variable  entered  (1)  and  D  v  followed 
(2)  in  Step  2  as  the  remaining  variable. 

In  Fig.  B-lb,  also  obtained  as  output  from  the  computer  program,  the  contri¬ 
bution  of  each  variable  in  reducing  tivs  varlKtion  is  observable.  The  entry  of 
*  2 

D  v  explained  53  percent  (3)  of  the  original  variation,  leaving  47  percent  yet 

♦2  2 

unexplained.  Variable  D  v  explained  an  additional  4  percent  (4),  Increasing 
the  explained  variation  to  57  percent  and  leaving  an  unexplained  variation  of 
43  percent  of  the  original  variation  in  the  data. 

In  Fig.  B-la,  the  total  variation  is  8199,  (5),  and  the  unexplained  varia¬ 
tion  is  3863  (6),  leaving  an  explained  variation  of  4336  (7).  The  ratio 


4366 

8199 


=  53% 


is  the  percentage  of  variation  explained  in  the  variable  entered  in  the  first 
step . 


Note  the  actual  output  has  been  retyped  and  edited  to  improve  its  clarity. 

The  numbers  in  parentheses  are  keyed  to  the  corresponding  points  of  interest 
in  the  figures.  The  figure  has  been  reproduced  in  upper  case.  Thus  v  ap¬ 
pears  in  the  figure  as  cap  V.  Also  D*  appears  as  D. 
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Table  B-4 

SUMMARY  OF  TEST  CONDITIONS  A  HD  TERMINAL  YIELDS 
FOR  1.0  /RP-1  CONFINEMENT  BY  THE  MISSILE  TESTS 


L/D 

D  /D 
o  t 

Propellant 

Weight 

(lb) 

Test 

Number 

Ignition 

Time 

(msec) 

Terminal 

Yield 

(%) 

1.8 

i 

200 

042 

290 

48 

1.8 

i 

200 

058 

200 

27 

1.8 

i 

200 

086 

100 

14 

00 

0.45 

200 

044 

120 

18 

1.8 

0.45 

200 

087a 

70 

16 

1.8 

0.45 

200 

095a 

120 

17 

1.8 

0.45 

200 

101 

145 

35 

1.8 

0.45 

200 

237 

127 

32 

1.8 

0.45 

200 

238 

85 

19 

1.8 

0.45 

200 

239 

156 

32 

1.8 

0.45 

1000 

192 

216 

14 

1.8 

0.45 

1000 

193 

222 

20 

1.8 

0.45 

1000 

209 

121 

10 

1.8 

0.45 

1000 

270a 

225 

13 

5 

1 

200 

047 

120 

10 

5 

1 

200 

049 

316 

12 

5 

1 

200 

085 

380 

12 

5 

0.45 

200 

046 

143 

17 

5 

0.45 

200 

088 

60 

4 

5 

0.45 

200 

100 

220 

23 

1.8 

0.45 

25000 

275 

515 

4 

1.8 

0.45 

25000 

278 

530 

13 

1.8 

0.45 

25000 

282 

540 

13 
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Table  B-l 

U>2/LH2  CBOS  -  VERTICAL  DATA  USED  IN  ANALY8IS 


L/D 

Weight 

(lb) 

Velocity 

(ft/sec) 

Test 

Number 

Terminal 

Yield 

(%) 

Ignition 

Time 

(msec) 

1.8 

200 

23 

152 

14 

480 

1.8 

200 

23 

184 

17 

810 

1.8 

200 

23 

201 

26 

1524 

1.8 

200 

23 

225 

34 

933 

1.8 

200 

23 

153 

14 

121 

1.8 

200 

44 

254 

32 

533 

1.8 

200 

44 

197 

19 

500 

1.8 

200 

44 

231 

24 

525 

00 

« 

200 

4- 

203 

31 

800 

1.8 

200 

44 

251 

64 

775 

1.8 

200 

44 

204 

42 

317 

• 

00 

200 

44 

252 

38 

325 

1.8 

200 

44 

229 

53 

1374 

1.8 

1000 

44 

217 

33 

1490 

1.8 

1000 

44 

262 

42 

900 

1.8 

200 

77 

114 

54 

74 

1.8 

200 

77 

150 

35 

40 

1.8 

200 

77 

151 

46 

167 

1.8 

200 

77 

195 

104 

292 

1.8 

200 

77 

226 

51 

283 
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The  final  form  of  the  yield  equation  of  interest  is 

~  =  (1  +  /3/W)  (ftQ  +  ftx  VD  +  p2  D/Dt) 

%  1/3 

where  t  =  t/W  and  t  is  time  in  milliseconds. 

Yield  Estimation  by  Regression  Analysis 

The  regression  coefficients  ft ,  ft  ,  ft  ,  and  ft  were  obtained  in  three  steps. 

O  JL  « 

Step  1 

Starting  with  the  equation 

*  #1  <'•"»  ♦  <VDt> 

the  200-lb  data  were  used  to  estimate  ft  ,  ft.  ,  and  ft  .  The  resulting  estimates 
were 

A 

ft  =  1,792 
o 

ft  =  0.190 
ft2  =  0.570 

Step  2 

The  estimates  for  ft  ,  ft.  ,  and  /3  were  then  substituted  into  the  equation 

Ox  A 

4  =  <«  +  pG  +  /*!  <^D>  +  <V°t)] 

Using  the  data  for  which  L/D  =1.8  and  D  /D  =  0.45,  the  factor 
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DEPENDENT  VARIABLE 

f 

STE0  NUK'JER 

1 

VARIABLE  ENTERED 

DV2  (1) 

MULTIPLE  R 

0.7272 

STD. ERROR  OF  EST. 

14.6496 

ANALYSIS  OF  VARIANCE 

DF 

SUM  OF  SQUARES 

MLAN  SQUARE 

REGRESSION 

1 

4335.561 

(7) 

4335.561 

RESIDUAL 

18 

3862.989 

(6) 

214.610 

TOTAL 

19 

8198.550 

(5) 

VARIABLES  IN  EQUATION 

VARIABLE 

COEFFICIENT 

CONSTANT 

19,85061 

DV2 

.00221 

STEP  NUMBER 

2 

VARIABLE  ENTEL..D 

D2V2  (2) 

MULTIPLE  R 

0.7564 

STD. ERROR  OF  EST. 

14.3657 

ANALYSIS  OF  VARIANCE 

DF 

SUM  OF  SQUARES 

MEAN  SQUARE 

REGRESSION 

2 

4690.220 

2345.110 

RESIDUAL 

17  (9) 

3508.330 

206.372  (8) 

TOTAL 

19 

8198.550 

VARIABLES  IN  EQUATION 

VARIABLE 

COEFFICIENT 

CONSTANT 

18,40333 

(10) 

_„2 

DV 

.00310 

<10) 

DV 

-.00015 

(10) 

Fig.  B-la .  Partial  Output  from  Computer  Program  BMD  0?  R 


URS  652-35 


AFRPL-TR-68-92 


[P0  +  *1  (VD)  +  ^2  W] 

is  constant,  and  estimates  a  and  J3  can  be  computed  for  ot  and  fi.  This  computa¬ 
tion  yielded 


a  =  0.4850 

A 

[i  =  105.236 


Step  3 

An  equation  of  the  desired  form  can  now  be  obtained  by  dividing  the  first 
factor,  (o'  4  /)/W)  by  at  and  simultaneously  multiplying  the  second  factor, 

/3  4-  /?  (L/D)  4-  /3_  (D  /D  ) ,  by  a.  This  computation  yields  the  final  equation: 

O  1  6  O  t 

=  +  [0.8693  4-  0.0919  (L/D)  4-  0.2763  (DQ/Dt)J  (B.5) 

It  is  recognized  that  this  is  not  a  standard  regression  computation  and 
the  slight  overlap  in  the  data  will  produce  some  error  in  the  equation.  It  is 
felt,  however,  that  the  error  is  not  as  large  as  might  be  the  result  of  using 
some  less  desirable  form  of  the  equation. 

Upper  Prediction  Interval  Estimation 

By  restricting  our  interest  to  large  weights,  the  above  equation  is  approx- 
irately 

as  0.8693  4-  0.0919  (L/D)  +  0.2763 

We  ca:i  then  use  all  the  data  to  set  up  the  matrix  tA. .)  and  obtain  the  con- 

2 

fidence  interval.  The  value  for  S  was  obtained  by  taking  the  sum  of  the  squared 
deviation  of  each  data  point  from  the  value  of  Eq.  (B.5)  and  dividing  by  23  minus 
3,  to  adjust  for  the  effect  of  the  number  of  parameters  estimated. 
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This  yielded  the  upper  prediction  interval 


8693  +  0.0919  (I*/D) 


+  1 


33  (^F^)  °-29  [X  +  °* 


3627  +  0 


+  0.8326  (D  /D. )  -  0.07466  (L/D)  - 


-  0.09258  (L/D)  (D  /D  )1 


1/2 


+  0.2763  (D  /D.  )"1 
o  t  J 


02459  (1/D)2 
0.7442  (D  /D  ) 
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Appendix  C 

THERMAL  INSTRTJMEHTATION 

Appendix  C  consists  of  discussions  of  ti.e  thermal  instruments,  the  errors 
of  the  corresponding  measurements,  and  the  experimental  arrangement  and  instru¬ 
ment  mounting.  The  following  list  of  measurements  and  the  associated  instru¬ 
ments  are  considered: 

•  Heat  flux  density  computed  from  measurements  of  the  surface  temperature 
of  slabs 

•  Fireball  temperature  from  a  photographic  recording  pyrometer  (a  Sandia 
Corporation  instrument) 

•  Radiant  flux  density  within  and  external  to  the  fireball  from  Gardon- 
type  radiometers 

•  Gas  temperature  from  thermocouple  probes  (Sandia  Corporation  instru¬ 
ments  ) 

The  general  organization  of  Appendix  C  is  given  in  the  following  para¬ 
graphs  . 

The  measurement  of  heat  flux  density  is  considered  first,  starting  with  a 
description  of  the  method  of  its  evaluation  from  the  surface  temperature  rec¬ 
ords.  This  is  followed  by  an  analysis  of  errors  that  are  uniquely  associated 
with  this  method  and  that  are  not  related  to  the  errors  in  heat  flux  density 
whiCk.  are  a  consequence  of  errors  in  slab  temperature  measurements.  The  slab 
temperature  transducers  or  instruments  are  then  considered,  and  this  is  follow¬ 
ed  by  a  discussion  of  heat  flux  density  errors  that  result  from  errors  in  the 
slab  temperature  measurements . 

A  brief  description  is  then  given  of  the  photographic  recording  pyrometer. 
This  instrument  Indicates  hlackbody  equivalent  temperatures  through  a  radia¬ 
tion  intensity  comparison  of  an  image  of  the  fireball  with  corresponding  images 
of  several  tungsten  filaments,  each  of  which  is  at  a  different  temperature. 
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The  radiometers  are  next  described)  and  this  Is  followed  by  an  analysis 
of  radiometer  data  correction  factors,  including  an  indication  of  their  un¬ 
certainties,  which  are  required  in  conjunction  with  lntraflreball  measurements. 

A  brief  description  of  the  thermocouple  probes  Is  then  given.  Finally, 
the  experimental  arrangement  and  instrument  mounting  Is  described. 


C-li 
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Appendix  C 

THERMAL  INSTRUMENTATION 

HEAT  FLTJX  DENSITY:  METHOD  OF  EVALUATION,  INSTRUMENTS,  AND  ERRORS 

Computations:!  Method  of  Evaluating  Heat  Flux  Density  from  Surface- Temperature 
Data 


The  basic  relationship  from  which  the  heat  flux  density  history  at  the 
surface  of  a  slab  is  evaluated  from  the  slab  surface-temperature  history  is* 

,t  aVT) 

q(t)  =  X'  |  -rrg -  <r«  (C„l) 

1/2 

where  q  is  the  heat  flux  density;  K'  =  (Kpc/TT)  '  ;  E,  p,  and  c  are  the  con¬ 
ductivity,  density,  and  specific  heat,  respectively,  of  the  slabs;  Tfl  is  the 
slab  surface  temperature;  and  t  Is  time.  This  relationship  is  valid  provided 
the  heat  flux  density  is  uniform  over  the  surface  of  the  slab,  the  thermal 
properties,  K,  p,  and  c,  are  constant,  and  the  slab  is  seal-infinite,  that  is, 
it  occupies,  or  effectively  occupies,  naif  of  space. 

The  evaluation  of  q(t>  from  the  surface  temperature  in  data-trace  form 
through  application  of  Eq.  (C.l)  may  be  accomplished  by  any  of  numerous  pro¬ 
cedures.  For  convenience,  we  have  chosen  to  modify  Eq.  (C.l)  to  a  form  which 
particularly  accommodates  temperature  data  in  digital  form,  and  this  modifica¬ 
tion  is  described  in  the  following  paragraph. 

Integration  of  Eq  (C.l)  over  the  time  range  t  »  o  to  t  =  t  is  first 
divided  into  arbitrary  intervals,  so  that  for  t  in  the  interval  ^  t  S  t^, 

q(t)  is  given  by 


*  A  derivation  of  Eq.  (C.l)  is  given  starting  p.  132  in  Ref.  C-l. 
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Wl-l  ,.  ,t  »*.»> 

■  3^  /  - — - *r  *  I  - -T-ryr  «.  <t  ■  0)  (C.2) 

1  "  4  ,  Ct-T)V*  jf  <t.T)^ 

n-1  l-l 

Then  an  expression  representing  the  temperature  in  the  ntn  interval,  t  ^  g  t  tn 

is  assumed  and  substituted  into  Eq.  (C.2);  in  particular,  the  linear  expression 

T  (t)  =  a  +  b  t  has  been  chosen.  Equation  (C.2)  then  reduces  to 
ns  n  n 


«*  -  *  [  vv>  *  £ 

L  n=l 


<Vl  "  bnKt  "  tn> 


1/2 


for  t1_1  <  t  s  t4  (C.3) 


Eq.  (C.3)  is  further  modified  by  writing  the  constants  bn  in  terms  of  the 

temperatures  and  corresponding  times  at  the  ends  of  the  time  Intervals, 

that  is,  by  b  T  *  (T  -  T  ,)/(t  -  t  .),  giving 

n  n  n-1  n  n-l 
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for  ti_1  S  t  *,  ti 


Eq.  (C.4)  is,  finally,  the  working  equation,  that  is,  q  is  evaluated  at  t 

by  the  substitution  of  appropriate  temperature  value3  (Tn+1t  T^,  . ,  T  ) 

and  corresponding  times  (t  ,,  t  ,  •»••••,  t, )  that  are  evaluated  from  the 

n+i  n  l 

data  records. 

Errors  Associated  with  the  Heat  Flux  Density  Computational  Method 

Errors  that  arc  encountered  in  evaluating  the  heat  flux  density  are,  for  con¬ 
venience,  separated  into  those  associated  with  the  Instrumentation  (that  is, 
those  due  to  errors  in  the  thermal  properties  of  the  slabs  [k’  in  Eq.  (C.l)]  and 
to  errors  in  the  surface  temperature— time  record  due  to  the  transducer,  amplifier, 
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and  recording  system)  and  into  those  that  are  not.  associated  with  the  instru¬ 
ments.  Those  related  to  the  instruments  are  considered  later.  The  remaining 
errors,  which  concern  the  application  of  Eq.  (C.4),  are  considered  in  the  pres¬ 
ent  section.  This  discussion  commences  with  the  assumption  that  a  true  or  cor¬ 
rect  surface  temperature -time  record  (trace  form)  is  available.  Under  this 
circumstance,  there  are  two  types  of  errors  encountered  in  the  evaluation  of 
the  heat  flux. 

The  first  error  type  is  that  which  results  from  the  misrepresentation  of 
the  true  surface  temperature— time  curve  which  occurs  when  this  curve  is  replaced, 
in  effect,  by  a  sequence  of  line  segments.  By  Itself,  this  error  can,  of  course, 
be  minimized  to  any  desired  degree  by  decreasing  the  time  interval  over  which 
the  temperatures  are  evaluated;  however,  its  elimination  is  precluded  by  the 
fact  that  errors  of  the  second  type  tend  to  increase  with  decreasing  interval 
sizes. 


Errors  of  the  second  type  result  from  the  Inability  to  exactly  evaluate 
the  "true"  temperatures  at  the  ends  of  the  intervals ,  there  being  the  natural 
tendency  for  the  measured  values  to  scatter  above  and  below  the  true  values. 

The  effect  of  these  temperature  errors  on  the  computed  heat  flux  density  is  il¬ 
lustrated  on  Fig.  C-l.  On  Fig.  C-la  is  a  portion  of  a  true  temperature  curve 


Fig.  C-l.  Illustration  of  Origin  of  Errors  of  Second  Type 
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along  with  &  line  segment  representing  the  curve  over  a  single  interval ,  where 
there  Is  a  temperature  error,  indicated  as  <5T,  at  both  ends  of  the  interval, 
the  evaluation  being  less  than  the  true  value  at  the  early  end  and  greater  at 
the  late  end.  For  the  same  set  of  temperature  errors  over  a  srealler  interval, 
as  shown  in  Fig.  C-lb,  the  error  in  the  slope  of  the  temperature— time  curve  is 
larger.  From  Eq.  (C.4),  the  heat  flux  density  is  seen  to  depend  on  the  slope 
over  the  interval  (and  all  preceding  Intervals),  and  thus  the  flux  density  error 
due  to  temperature  errors  of  this  type  will  tend  to  Increase  as  the  size  of  the 
interval  is  decreased,  as  implied  above. 

Thus,  with  the  first  type  error  decreasing  and  the  second  type  increasing 
with  decreasing  Interval  size,  there  is  an  optimum  interval  length,  although 
the  optimum  length  will  vary  along  a  given  temperature  curve,  for  Instance,  as 
the  oftvature  of  the  temperature  curve  varies.  A  more  complicating  circumstance, 
however,  is  that  an  error  in  the  heat  flux  evaluated  within  a  given  Interval 
depends  not  only  on  the  temperature— time  elope  error  in  the  interval ,  but  In 
all  preceding  intervals,  as  examination  of  Eq.  (C.4)  indicates.  Because  of  this 
latter  circumstance  and  the  fact  that  there  is  a  great  variation  in  the  temper¬ 
ature-time  records  obtained,  a  general  and  analytical  error  analysis  is  pro¬ 
hibitive  and,  in  light  of  the  objectives,  unnecessary,  in  consequence,  the 
analysis  is  confined  to  the  evaluation  of  errors  for  temperature  curves  that 
resemble  typical  temperature  data  forma  that  have  been  obtained.  In  addition, 
because  the  maximum  values  of  the  heat  flux  that  are  obtained  during  heat  trans¬ 
fer  surges  are  given  relative  Importance  in  the  presentation  of  results,  errors 
of  the  marl mum  values  are  emphasized  in  the  error  analysis. 

The  method  of  evaluating  errors  consists  of  comparing  an  exact  heat  flux 
density— time  solution  for  a  given  surface— temperature-time  function  (equation) 
with  the  solution  when  Eq.  (C.4)  is  applied  to  the  same  temperature  function 
but  with,  in  some  cases,  the  insertion  of  deliberate  and  likely  temperature  er¬ 
rors  in  Eq.  (C.4).  The  exac/c  solutions  are  obtained  in  two  ways,  the  first 
being  simply  to  utilize  existing  solutions  that  arc  appropriate.  When  suitable 
solutions  are  not  available,  they  are  obtained  by  applying  the  basic  relation¬ 
ship,  Eq.  (C.l),  to  temperature— time  functions  which  both  resemble  typical  data 
forms  and  which  render  Eq.  (C.l)  readily  integrable.  Examples  of  the  heat  flux 
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errors  of  both  kinds  that  are  encountered  for  various  temperature  curve?  are 
presented  in  the  following  paragraphs. 

An  example  of  a  temperature— time  function  which  is  representative  of 
"early  time"  data  that  are  obtained  is  presented  in  Fig.  C-2,  along  with  the 
"true"  flux  density— time  curve  corresponding  to  that  temperature  for  a  K’ 

[Eq.  (C.l)]  of  0.455  watV’C-cm^-sec1^2 ,  correspondins  approximately  to  some 
of  the  scainless  steels.  Hie  heat  flux  was  evaluated  "exactly"  through  Eq. 
(C.l),  and  the  flux  computed  numerically  by  applying  Kq.  (C.4).  This  example 
is  presented  primarily  as  an  illustration  of  concepts  and  certain  features  of 
the  two  error  types,  but  the  associated  magnitudes  are  also  useful  since  the 
temperature  curve  is  representative  of  data  obtained. 

It  is  convenient  to  introduce  a  "peuedo-curvature hereafter  referred  to 
simply  as  the  curvature,  which  is  defined  as 


TIME  (SEC) 


Fig.  C-2.  Heat  Flux  Density  from  Example  Temperature— Time  Trace 
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whore  C  is  the  curvature,  T  is  the  temperature,  and  t  is  time.  This  is  an  ex¬ 
tension  of  the  ordinary  or  geometric  curvature  in  that  space  or  dimensional 
variables  have  been  replaced  by  those  representing  temperature  and  time. 

Errors  of  the  first  type  have  been  evaluated  for  this  temperature  curve  by 
applying  Eq.  (C.4)  with  a  specific  and  uniform  time  interval  for  each  computa¬ 
tion,  with  the  correct  values  of  the  temperature  being  used.  This  computation, 
has  been  done  for  various  computational  time  intervals,  &M  the  resultant  error 
is  plotted  with  the  time  interval  on  Fig.  03  (continuous  curve).  Errors  of 
this  type  tend  to  increase  with  increasing  curvature  of  the  temperature  curve, 
and  errors  for  other  ranges  of  curvature  will  be  presented  liter. 


TIME  INTERVAL  OF  COMPUTATION  (SEC) 


Fig.  03.  Heat  Flux  Density  Errors  for  a  Representative  Temperature—^ Time  Curve 
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Equation  (C.4)  was  subsequently  applied  to  the  same  temperature  curve 
using  the  same  time  intervals,  but  with  deliberate  sequences  of  errorf  In 
the  temperature  values,  therby  revealing  the  total  flux  error,  that  is, 
the  error  which  includes  errors  of  both  types. *  The  temperature  errors 
used  correspond  to  those  that  are  likely  to  have  occurred  with  the  data 
processing  procedures  that  have  been  used.  The  temperature  error  distribu¬ 
tion  used  consists  of  temperatures  at  the  ends  of  time  intervals  that  are 
alternately  above  and  below  the  correct  value  by  a  fixed  magnitude.  Thus, 
the  slope  of  the  temperature  curve  over  a  time  interval  is  alternately  (from 
time  interval  to  time  interval)  above  and  below  the  correct  slope,  an>  ~?h4le 
this  particular  distribution  of  errors  1b  highly  improbable,  it  is  diagnos¬ 
tically  useful.  Total  errors  obtained  from  this  computation  are  plotted  on 
Fig,  C-3  (dashed  line)  for  a  range  of  time  intervals  of  computation  and  for 
various  magnitudes  of  temperature  errors.  A  temperature  of  0.4,  0.8,  or 
1.6  °C  is  listed  adjacent  to  a  curve  to  indicate  the  total  temperature  error 
inserted  at  the  ends  of  each  interval,  that  is,  the  magnitude  that  the  temp¬ 
erature  is  above  the  true  value  at  o«o  end  of  a  given  time  interval  plus  the 
magnitude  that  it  is  below  at  the  other  end.  As  before,  the  curves  are 
plotted  for  errors  obtained  at  0.1  sec,  and  also  as  before,  the  error  is 
for  practical  purposes  Invariant  for  the  range  of  curvatures  present  In  the 
temperature  curve  of  Fig.  C-2.  It  can  be  seen  that  the  total  error  curves 
reach  minimum  values  for  time  intervals  in  the  vicinity  of  10  msec,  with 
least  total  errors  of  about  4,  7,  and  13  watts/cm2  for  temperature  errors 
of  0.4,  0.8,  and  1.6  °C,  respectively.  At  the  peak  of  the  flux  curve, 
where  the  magnitude  is  approximately  114  watts/cm2  (at  about  0.05  sec  on 
Fig.  C-2),  errors  of  4,  7,  and  13  watts/cm2  correspond  to  3.5,  6,  and  10 
percent.  From  estimates  of  the  standard  deviation  of  the  temperature 
evaluation,  the  error  curve  that  most  nearly  corresponds  to  actual  errors 
is  the  curve  labeled  "0.8  thus  indicating  that  a  flux  error  of  about  6 

percent  can  be  expected  for  this  circumstance.  It  should  be  noted,  however 
that  this  will  vary  somewhat  with  the  quality  of  the  temperature  data.  More 


Errors  of  the  second  type  may  be  isolated  through  certain  applications  of 
Eq.  (C.l).  However,  the  effort  is  more  extensive  than  is  felt  to  be  Justified. 
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Importantly,  It  should  be  undorstood  that  the  value  of  0.8  °C  for  a  typical 

temperature  error  Is  the  result  of  both  the  techniques  used  for  measuring 

the  displacement  (or  height)  of  the  data  trace  and  the  particular  scale 

of  the  data  tra'e.  Regarding  the  iattr,  a  temperature-  time  trace  with  a 

different  number  of  degrees  (temperature)  per  inch  on  the  paper  would  result 

in  typical  temperature  errors  other  than  0.8  °C,  and  perhaps  well  outside 

the  0.4  to  1.6  °c  range  mentioned  above.  For  a  given  scale,  improving  the 

accuracy  of  the  trace  displacement  measurement  would  of  course  decrease  the 

temperature  error.  The  value  of  0.8  °C  is  an  estimate  for  the  methods  of 

displacement  measurement  used  with  the  data  at  the  graphical  scale  that  was 

2 

available.  Referring  once  again  to  the  typical  flux  error  of  7  watts/cm  , 

for  periods  during  which  the  flux  1=  comparatively  low,  the  percentage 

error  can  be  exceedingly  large;  for  instance,  in  the  vicinity  of  0.2  sec 

2 

whore  the  flux  is  approximately  12  watts/cm  ,  the  error  is  about  60  per¬ 
cent.  It  is  not  correct,  however,  that  all  relatively  small  flux  values 
nave  percentage  errors  of  this  order.  Roughly  speaking,  low  but  steady  flux 
magnitudes  will  be  comparatively  accurate,  and  the  larger  errors  in  flux 
(on  a  percentage  basis)  are  associated  with  the  minimum  value  of  a  sharp 
depression  or  trough  in  a  flux  curve. 

Estimates  and  trends  of  errors  of  tho  second  type  are  also  given  on 
Fig.  c-3  (dash-dot  curve),  which  were  obtained  by  subtraction  of  the  error 
of  the  firBt  type  (continuous  curve)  from  the  errors  shic.h  are  due  to  errors  of 
both  types  (dashed  curve)t  With  this  additional  curve,  Fig.  C-3  serves  as  a 
useful  guide.  It  is  known,  for  instance,  that  for  temperature  curves  having 
less  curvature  then  the  curve  of  Fig,  C-2  at  0.1  sec,  the  errors  cf  the  first 
k?  .d  will  not  increase  as  rapidly  with  time  interval  as  the  curve  presented 


For  convenience,  the  errors  of  the  first  and  second  type  are  treated  as 
though  their  sum  always  represents  thr.  total  error.  For  approximately 
qne-half  of  the  intervals,  however,  the  first  and  second  error  types  are 
in  opposing  directions,  that  is,  the  error  of  one  type  tends  to  negate 
the  error  of  the  other  type.  Thus,  the  plots  indicate  worst  or  bounding 
case  errors. 
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on  Fig.  C-3,  and  therefore,  tha  flux  error  for  a  given  temperature  error 
can  be  greatly  reduced  by  increasing  the  time  Interval  of  the  compvtation 
from  10  msec.  If,  however,  it  is  necessary  to  maintain  or  improve  the 
accuracy  for  conditions  of  greater  curvature,  the  only  recourse  is  to  im¬ 
prove  the  temperature-data-evaluating  procedure. 

The  effect  of  variation  in  the  curvature  of  the  temperature  curves  on 
errors  of  the  first  type  is  given  to  a  limited  extent  in  Fig.  C-4,  where 
the  error  is  plotted  vs  time  interval  of  computation  for  three  values  of 


Fig.  C-4.  Heat  Flux  Density  Errors  of  the  First  Type 
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curvature.  Since  errors  of  the  Becond  type  depend  only  on  the  time  interval 
of  commutation  and  temperature  evaluation  error,  that  is,  thfg^are  independent 
of  curvature*  the  curves  for  errors  of  the  second  type  on  Fig.  C-3  and 
those  for  the  first  type  on  Fig.  C-4  may  be  combined  so  as  to  reveal  curves 
representing  the  total  error  for  a  range  of  curvatures,  n  family  of  curves 
obtained  from  this  process  for  the  anticipated  tempera ture  errors  o;'  o  8  °C 
are  given  on  Fig.  C-5 .  These  curves  provide  guidance  in  selecting  the 
computational  Interval  that  will  minimize  the  errors,  and  provide  an  indi¬ 
cation  of  the  errors  that  can  be  expected  for  a  given  set  of  conditions. 

It  should  be  recognized  that  the  error  within  a  given  interval  depends 
not  only  on  the  error  in  the  slope  of  the  temperature  curve  for  that  interval 
but  in  the  corresponding  errors  for  all  preceding  intervals ,  and  that  the 
sequence  of  temperature  errors  that  has  thus  far  been  considered  has  con¬ 
sisted  of  errors  of  a  fixed  magnitude  that  are  alternately  (from  interval 
tc  Interval)  above  and  below  the  true  value.  The  error  curves  that  have 
been  presented  are,  then,  representative  of  this  particular  distribution  of 
temperature  errors,  while  the  actual  distributions  are,  of  course,  infinite 
in  their  variety.  The  effect  of  modifying  the  distribution  was  investigated 
by  imposing  several  different  and  intuitively  probable  temperature  error 
distributions  on  the  same  temperature  function.  The  variation  in  the  errors 
for  a  given  interval  from  among  the  various  distributions  was  never  in  excess 


The  independence  of  errors  of  the  second  typo  with  curvature  can  be  proven 
analytically  by  applying  Eq.  (C.4)  to  two  dissimilar  but  mathematically 
arbitrary  temperature  functions  which  have  identical  but  arbitrary  temp¬ 
erature  error  distributions  Imposed  on  them. 


Since  the  values  of  the  errors  of  the  second  type  on  Fig.  C-3  are  very 
uncertain  at  times  less  than  0 .04  sec  and  these  values  are  required  over 
this  time  range  for  the  construction  of  total  error  curves  for  curvatures 
of  60,000  sec/(°C)  ,  an  estimate  of  the  error  curve  of  the  first  type  for 
a  curvature  of  12,000  sec/(°C)2  was  obtaineo  and  the  total  error  curve 
corresponding  to  this  curvature  is  given  in  Fig.  C-5. 
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of  5  |*€>  2*03^7!  t ,  and  t hs  error  curves  givon  for  the  special-case  distribution  in 
the  figures  above  are  representative  of  the  errors  for  these  distributions. 

The  distributions  that  were  considered  by  no  means  represent  a  thorough 
sampling,  however,  and  distributions  which  result  in  variations  in  excess 
of  S  percent  may  occur. 

The  general  errors  as  illustrated  on  Fig.  C-5  have  been  generally 
verified  for  numerous  conditions,  and  the  results  from  a  further  example  are 
presented  primarily  In  the  interest  of  illustrating  certain  points.  One  of 
the  conditions  of  error  that  is  of  particular  interest  is  that  associated 
with  the  peak  values  for  comparatively  short-duration  heating  pulses.  This 
war.  investigated  by  analytically  imposing  various  short-duration  heating 
puls'.s  at  various  times  on  an  otherwise  constant  and  comparatively  low- 
magnitude  heating  cycle.  In  the  usual  way,  exact  solutions  were  obtained 
and  compared  with  numerical  evaluations  for  which  various  appropriate  errors 
had  been  introduced  Into  the  temperature  values.  For  the  example  presented, 
a  heating  pulse  of  40  msec  duration  centered  about  0.1  sec*  was  superimposed 
on  a  constant  heat  flux  density  of  40  watts/em2,  with  the  pulse  maximum 
reaching  approximately  132  watts/cm*.  Temperature  errors  covering  their 
expected  range  were  introduced  at  approximately  the  time  corresponding  to 
the  peak  of  the  heating  pulse.  The  errors  for  this  case  are  presented  (in 
terms  of  percentage)  on  Fig.  C-6.  For  a  temperature  error  of  0,8°C 
corresponding  to  the  most  likely  magnitude,  the  error  from  Fig.  0-6  is  about 
15  percent ,  which  corresponds  to  an  error  of  about  ?  watts/cm2.  This  error 
is  substantially  greater  than  th®  minimal  error  (about  8.6  watts/cm2)  given 
for  this  curvature  [about  12,000  sec/(0C)23  on  Fig.  C-5  because  a  time 
interval  of  computation  of  0.004  sec  rather  than  the  optimum  interval  of 
aporoximately  0.007  sec  was  used.  However,  since  the  'dip  or  trough'  in  the 
total  error  curves  of  Fig.  C-5  is  comparatively  ’sharp'  for  curvatures  of 
this  and  larger  magnitudes,  this  minimal  error  (cited  above)  is  perhaps  common 
for  this  curvature  unless  inordinately  refined  data  analysis  procedures  are 

*  Precisely  the  corresponding  temperature  'pulse'  rather  the  heating  pulse 
was  centered  about  0.1  sec,  the  peak  of  the  heating  pulse  slightly  preceding 
this  time. 
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Fig.  C-6.  Error  at  the  Peak  of  Heat  Flux  Density  Pulse 


adhered  to.  Moreover,  mis judgments  of  a  given  magnitude  would  tend  to  more 
substantially  inflate  ihe  error  in  this  case  compared  to  cases  where  the 
curvature  of  the  temperature  curve  is  smaller. 


Finally,  it  is  important  to  recognize  that  the  errors  presented  above 
are  representative  of  those  associated  with  a  single  computational  interval, 
and  that  they  will  tend  to  scatter  from  Interval  to  interval  above  and  below 
the  true  value  by  such  magnitudes.  In  the  case  above,  ten  computational  in¬ 
tervals  would  bs  associated  with  the  40-msec  pulse.  An  erroneously  high 
value  over  a  given  interval  will  tend  to  be  compensated  by  a  correspondingly 
low  value  in  the  subset.  .t  interval.  Thus,  a  smooth  curve  through  the 
computed  values  over  the  40-rasec  pulse  will  be  substantially  more  certain  than 
indicated  by  the  errors  plotted  on  Fig.  0-5  above.  By  way  of  illustration, 
the  exact  and  computed  cumulative  flux  density  values  over,  say,  20  to  30 
computational  intervals  for  typical  temperature  curves  and  errors,  never 
differ  by  more  than  0.5  percent. 


C-13 


■  Ufc  *«$.*>'< 


URS  652-35 


AFRSL-TE -68-92 


Surface- Temperature  Transducers 

The  method  employed  to  measure  the  temperature  within  a  solid  material, 
hereafter  referred  to  as  the  parent  material,  is  standard  and  described  or 
referred  to  in  several  articles,  for  example  in  Refs.  C-2,  C-3,  and  C-4. 

Briefly,  the  transducer,  illustrated  in  Fig.  C-7,  consists  of  a  fine  wire 
which  is  contained  within  a  cavity  in  the  parent  material  and  which  is 
electrically  insulated  from  the  walls  of  the  cavity  except  at  an  end,  where 
it  is  joined  (welded)  to  form  a  thermocouple  Junction  just  below  one  exterior 
surface  of  the  parent  material.  Thus,  any  change  of  temperature  of  the  junction 
will  introduce  a  corresponding  change  in  the  electrical  potential  difference 
between  the  wire  and  parent  material. 


ENERGY  INPUT 


i  l  l  l  i  l 


Fig.  C-7,  Generalized  Configuration  of  a  Surface-Temperature 
transducer 
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Instruments  of  two  somewhat  different  designs  are  used.  The  assails  of 
the  first  type,*  the  transducer  that  was  predominantly  employed,  are  presented 
in  a  cross-sectional  out-sway  view,  along  with  an  enlargement  of  the  thermo¬ 
couple  junction  region,  in  Fig,  C-8.**  This  transducer  incorporates  two  wires 
so  that  only  the  molecular  composition  of  the  wires,  not  the  parent  material, 
enters  into  the  electromotive  force  per  unit  temperature  rise  characteristic 
of  the  transducer. 

Three  slightly  different  versions  of  the  transducer  type  shown  on 
Fig.  C-8  were  used,  differing  only  in  the  parent  material  and  a  single 
dimension.  The  parent  material  of  the  instrument  presented  in  Fig.  C-8  is 
copper,  and  the  depths  of  the  thermocouple  junctions  are  0.005  in.  For  the 
other  two,  the  parent  material  is  stainless  steel  303  and  309,  with  junction 
depths  for  each  of  0.002  in.  Thw  three  versions  are  otherwise  identical, 
including  the  thermocouple  wire  combination  of  chromel  and  alurael. 

The  important  features  of  the  second  type  of  transducer***  are  presented 
on  Fig.  C-9,  which  is  a  cross-sectional  view  of  just  the  thermocouple  junction 
region,  analogous  to  the  region  that  was  enlarged  on  Fig.  C-8.  This  is  a 
single-cavity  (and  wire)  system,  so  that  the  parent  material,  in  this  case 
iron,  enters  into  the  electromotive  force  per  unit  temperature  change 
characteristic.  The  depth  of  the  thermocouple  junction  is  0.0002  in.,  and 
unlike  the  previous  example,  the  material  between  the  junction  and  the  exposed 
surface  does  not  match  the  parent  material,  the  thin  exposed  layer  being  a 
copper  deposit  on  an  iron  surface,  as  illustrated  on  Fig.  C-9.  The  particular 
application  planned  for  this  transducer  called  for  the  parent  material  to  be 
a  comparatively  poor  heat  conductor,  more  specifically,  that  the  thermal 
diffusivity  be  low,  in  order  to  minimize  the  distance  that  a  spatial  non¬ 
uniformity  in  heat  input  along  the  surface  of  the  parent  material  can  effect 


*  Manufactured  by  Advanced  Technology  Laboratories,  Mountain  Visw,  California. 

**  Unless  tolerances  are  noted  or.  the  figures,  the  distances  shown  were  ob¬ 
tained  by  measurement  of  one  transducer  that  has  been  cross-sectionally 
sliced  and  are  uncertain  to  perhaps  0.003  in. 

***  Manufactured  by  Heat  Technology  Laboratories,  Huntsville,  Alabama, 
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Fig.  C-8.  A  Tli  Surf  ace -Tempera  ture  Transducer 
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Fig.  C-9.  Thermocouple  Junction  Region  of  HTL.  Surface -Temperature  Transducer 

the  temperature  of  the  thermocouple  junction  in  a  given  time  interval.  Of  the 
materials  immediately  available  at  that  time,  iron  had  the  best  therissA  proper- 
ties.  Because  of  the  pronounced  tendency  of  pure  iron  to  oxidize  in  a  high 
temperature  oxidant  atmosphere,  thereby  changing  the  thermal  properties,  the 
layer  was  made  of  copper.  The  replacement  of  this  thin  iron  region  with  a  cop¬ 
per  layer,  however,  does  not  for  practical  purposes,  alter  the  temperature 
measurement  for  a  given  energy  input. 

The  surface  temperature  instruments  as  thus  far  described  are  inserted  in¬ 
to  larger  objects,  hereafter  called  slabs  since  for  a  time  period  they  are 
thermally  representative  of  semi-infinite  slabs,  which  match  the  parent  material 
of  the  given  transducer.  The  surface  of  the  transducer  that  is  exposed  to  the 
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the  surface  of  the  slab  it  is  Inserted  into.  The  exposed  surface  of  the  slab 
in  most  instances  is  planar,  with  the  exception  of  a  few  measurements,  described 
in  more  detail  below,  taken  on  a  surface  having  some  curvature,  e.g.,  a  radius 

of  c  »>"vaturQ  of  6  in. 

The  thickness  and  lateral  dimensions  of  the  slabs  are  given  below  in  the 
section  on  Instrument  Mounting.  Ihese  dimensions  are  of  importance  in  that 
they  govern  the  length  of  tirno  that  the  slabs  are  thermally  representative  of 
semi- Infinite  slabs,  or  consequently,  the  time  throughout  which  Eq.  (C.l)  may 
be  properly  applied. 

The  tteeA'wal  properties  cf  the  slabs  that  have  been  applied  in  evaluating 
the  heat  flux  are  given  i;t  lhb..e  C-l  below,  where  the  column  on  the  extreme 
right  is  tf.  n  value  of  the  constant,  K1  =  (Kfic/ir)1^3 ,  required  in  Eq.  (C.l). 

These  vai.’i-s  were  obtained  from  several  sources  including,  for  instance.  Ref. 
C-5.  The  values  listed  for  copper  and  iron  are  comparatively  accurate  since 
pure  grades  were  used  (sec  error  analysis)  whereas  lot  to  lot  variations  can 
bo  expected  for  the  stainless  steels. 


Table  C-l 

SLAB  THERMAL  PROPERTIES  USED  IN  HEAT  FLUX  COMPUTATION 


Slab 

Material 

Conductivity 
(watt/ cm- °C) 

Mass  Density 
(gm/cm3) 

Specific  Heat 
(watt-sec/gm- °C) 

K’  of  Eq  (C.l) 
(watt-sec^  *7  cm2-  °C) 

Copper 

3.81 

8.94 

0.3S9 

2.05 

Iron 

0,682 

7.85 

0.418 

0.825 

Stainless 
Steel  303 

0.147 

7.8 

0,503 

0.437 

Stainless 
Steel  309 

0,155 

j 

7.8 

G.58S 

0,475 
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Heat  Flux  Density  Errors  That  Are  Due  to  Instrument  Errors 

Heat  flux  density  errors  associated  with  the  method  of  its  computation 
from  the  surface-temperature  of  slabs  were  discussed  above,  starting  with  the 
assumption  that  a  true  temperature  curve  was  available.  There  are,  of  course, 
errors  in  the  temperature  -time  traces,  and  errors  that  are  propagated  to  the 
heat  flux  density  evaluation  from  these  temperature  errors  are  considered  in 
this  section,  along  with  the  error  that  depends  on  the  error  in  the  properties 
of  the  slab,  i.e>,  on  K'  of  Eq.  (C.l).  Consideration  is  given  first  to  the 
four  sources  of  systematic  errors,  that  Is,  errors  that  can  be  corrected,  and 
then  to  random  errors. 

The  equation  through  which  the  beat  flux  density  is  evaluated  from  the 

slab  temperature  fEq,  (C.4)]  is  applicable  to  the  surface  temperature,  while 

the  slab  thermocouple  junctions  are  slightly  below  the  surface.  In  order  to 

evaluate  the  effect  of  this  on  heat  flux  density,  temperature  —  time  functions 

were  first  evaluated  at  the  surface  and  then  at  depths  corresponding  to  the 

thermocouples  for  various  heating  pulses  applied  to  the  surface  of  the  slabs, 

and  a  comparison  was  then  made  of  the  hsat  flux  densities  from  the  two 

temperature  functions.  The  heating  pulses  or  the  3lab  boundary  conditions 

applied  to  both  copper  and  stainless  steel  slabs  were  the  so  called  radiation 

boundary  conditions  using  a  gas  temperature  of  2,000°K  and  heat  transfer 

2  - 

coefficients  of  both  0.34  and  0.042  watt/cm  -  K.  The  resultant  fractional 
errors  are  presented  on  Fig.  C-10.  The  curves  indicate  that  large  initial 
errors  rapidly  converge  to  tractable  values .  The  curves  are  somewhat  mis¬ 
leading  in  the  following  manner.  Roughly  speaking,  the  temperature  slightly 
below  the  surface  tends  to  follow  the  surface  temperature  but  with  a  small 
time  delay.  Thus,  in  the  analysis,  there  is  a  time  period  when  the  embedded 
temperature  is  essentially  zero  while  the  surface  temperature  is  rising 
appreciably,  with  the  consequence  that  infinitely  large  fractional  errors  are 
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indicated  at  early  times,  in  actuality,  zero  time  for  an  embedded  measure¬ 
ment  would  be  designated  as  the  J  istant  the  temperature  commences  to  rise, 
thus  tending  to  minimise  the  magnitude  of  the  initial  error.  The  curves  of 
Fig.  C-10  tend,  in  this  sense,  to  bound  the  errors.  However,  the  curves 
are  also  misleading  In  another  sense.  The  heating  pulses  applied  to  obtain 
these  curves  vary  gradually  with  tine,  while  the  corresponding  pulses  for 
propellant  tests  are  often  comparatively  erratic.  Consequently,  erratic 
behavior  in  the  heating  pulse  can  occur  before  the  errors  indicated  in 
Fig.  C-10  have  decreased  sufficiently.  T'  effect  here  is  perhaps  best 
summarized  as  follows.  Sharp  or  erratic  behavior  of  a  surface  temperature 
will  tend  to  'smooth'  slightly  at  the  thermocouple  depth,  with  the  result 
that  the  measured  heat  flux  density  is  also  a  slightly  'smoothed*  version 
of  the  true  input.  To  an  extent,  this  is  desirable.  Extremely  high  resolu¬ 
tion  is  not  required,  and  the  expense  of  the  heat  flux  computation  for  pre¬ 
cise  representations  of  the  surface  temperature  would  be  unjustifiably  in¬ 
creased. 

The  second  systematic  error  pertains  to  the  effect  on  the  temperature 
within  the  slab  due  to  the  presence  of  the  thermocouple  (including  leads)  and 
the  cavity  which  contains  the  thermocouple.  The  analysis  of  this  error  is 
extremely  involved,  and  evidently  as  a  consequence  few  thorough  analyses 
appear  in  the  literature  even  though  this  is  a  standard  instrument.  While 
the  ultimate  errors  in  heat  flux  density  are  not  expected  to  be  of  particular 
concern,  it  is  difficult  to  numerically  spoeify  the  uncertainty  for  a  given 
circumstance.  A  series  of  analytical  studies*  for  slab  and  transducer  con¬ 
ditions,  i.e.,  depth  to  thermocouple,  cavity  dimensions,  properties  of  both 
the  slab  and  thermocouple  leads,  etc.,  that  differ  in  some  respects  from  the 
cases  of  interest  suggest  minor  errors  can  be  expected.  For  instance,  the 
effect  of  heat  conduction  down  the  thermocouple  lead  for  comparatively  large 
diareter  leads  and  for  Irad  to  slab  conductivity  ratios  of  ten  indicate  correc¬ 
tions  of  the  order  of  25  percent.  With  comparatively  high  conducting  leads, 


*  A  relevant  part  of  this  study  is  given  in  Ref.  C-4. 
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it  is  not  surprizing  that  errors  of  this  magnitude  would  be  attained.  For 
the  instruments  used,  however,  the  conductivity  ratios  were  no  greater  than 
20  percent,  and  the  errors  from  this  effect  would  be  substantially  less.  An 
experimental  study*  in  which  known  heat  pulses  were  applied  to  slabs  with  very 
similar  instruments  was  conducted  and  a  comparison  made  between  the  measured 
temperature  and  that  which  should  result  from  the  heating  pulse.  J.n  such  a 
study,  the  effects  of  all  the  systematic  errors  are  inherently  in  the  tempera¬ 
ture  differences  observed,  and  it  is  not  clear  which  individual  error (s)  are 
predominantly  responsible.  Yet  the  systematic  error  i<»  question  is  the  only 
one  that,  cannot  be  readily  estimated,  so  that  conclusions  can  be  drawn  with 
regard  to  this  error.  In  any  case,  errors  obtained  were  of  the  order  of  a 
5  percent  or  less,  thereby  suggesting  that  the  effect  of  the  systematic  error 
in  question  was  not  grossly  in.  excess  of  this  figure. 

While  it  does  not  appear  that  the  effects  of  the  presence  of  the  cavity 
and  thermocouple  leads  are  of  serious  concern,  being  perhaps  no  larger  than  a 
few  percent,  these  effects  are  the  least  certain  of  the  systematic  errors 
leading  to  errors  in  heat  flux  density  measurements. 

The  third  and  fourth  types  of  systematic  errors  result  from  the  non¬ 
linearity  of  the  amplifying  and  recording  systems  and  the  nonlinearity 
between  the  thermocouple  emf  and  the  temperature  of  the  junction.  These 
errors  are  similar  and  relatively  simple  to  estimate  or  correct. 

The  deviation  from  linearity  of  the  amplifying  and  recording  systems 
was  determined  by  applying  a  sequence  of  step  voltages  to  the  amplifier, 
where  the  ratios  cf  steps  are  accurately  known  (0.5  percent),  and  measur¬ 
ing  the  magnitudes  of  the  corresponding  step  deflections  on  the  final  data 
record.  Such  measurements  were  taken  for  all  thermal  data  channels  over 
several  tests.  Then  for  each  channel,  fractions  of  various  step  deflections 
to  the  highest  step  deflection  on  the  final  data  record  were  obtained  and 
compared  with  the  corresponding  fractions  of  the  input  step  voltages.  The 

*  Kef.  C-6, 
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deviation,  in  each  case,  of  the  fraction  on  the  final  record  from  the  fraction 
of  the  input  is  equal  to  the  deviation,  or  error,  of  the  temperature  evalua¬ 
tion  along  the  trace  from  zero  to  maximum  temperature.  An  erroneous  tempera¬ 
ture  curve  that  is  representative  of  the  error  indicated  by  the  fractions  was 
constructed,  and  the  heat  flux  was  computed  for  the  erroneous  curve  and  a 
corresponding  true  temperature  curve.  The  representative  erroneous  tempera¬ 
ture  curve  was  constructed  using  the  criterion  that,  at  each  step,  two-thirds 
of  the  deviations  from  linearity  mentioned  above  were  between  the  true  and 
erroneous  curves,  with  the  remaining  one-third  outside  this  range.  The 
resultant  fractional  error  in  heat  flux  density  is  presented  on  Fig.  C-ll, 
and  as  can  be  noted,  the  effect  of  nonlinearity  in  the  amplifying  and 
recording  system  tends  to  be  minor. 

Consideration  of  the  nonlinearity  of  the  appropriate  emf  vs  temperature 
curves  indicates  that  the  associated  errors  are  negligible  over  typical  tempera¬ 
ture  ranges  of  the  slabs  <50  and  200°C  for  copper  and  stainless  steel,  res¬ 
pectively)  . 
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Fig.  C-ll.  Iieat  Flux  Density  Error  Due  to  the  Nonlinearity  of  the 
Amplifying  and  Recording  System 
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Random  errors  in  the  slab  temperature  measurements  will  be  separated 
into  two  different  types.  The  first  type  has  a  fixed  value  for  a  given  data 
trace,  while  the  second  type  fluctuates  with  time  over  the  course  of  ac¬ 
quiring  a  data  trace.  Errors  of  the  first  type  are  considered  first. 

The  slab  temperatures  are,  in  effect,  evaluated  using  the  equation 


T<t) 


Vd  ( t) 
EG 


where  T  is  the  tempera tue  above  ambient  at  any  time  t,  E  is  the  emf  (volts) 
generated  by  the  temperature  transducer  per  unit  temperature  rise,  G  is  the 
amplifier  gain,  V  is  the  voltage  applied  to  the  recording  system  per  unit 
deflection  on  the  final  data  record,  and  d  is  the  trace  deflection  on  the  final 
record.  The  uncertainty  in  E  is  specified  by  the  manufacturer  to  be  0.5  percent, 
and  G  is  periodically  measured  to  within  an  accuracy  of  1  percent.  V  is  obtained 
by  measuring  the  step  calibration  voltage  applied  to  the  recording  system 
immediately  before  each  test  and  dividing  this  voltage  by  the  measurement  of 
the  corresponding  deflection  on  the  final  record.  It  is  estimated  that  the 
step  deflection,  preset  to  approximately  match  the  maximum  expected  trace 
deflection,  can  be  evaluated  to  about  0,5  percent,  while  ths  voltage  is  evaluated 
to  about  5  percent;  the  uncertainty  in  the  quotient  V  is  then  approximately 
5  percent.  This  error,  or  its  component  errors,  remain  constant  over  the 
entire  data  trace  for  a  given  channel.  It  can  be  seen  from  Eq .  (C.4)  that 
the  error  in  boat  flux  due  to  a  pa  ‘'icular  error  in  temperature  of  this  kind 
are  equal  to  ths  temperature  error,  so  that  the  flux  and  temperature  un¬ 
certainties  are  about  5  per-.’sat , 

Fluctuations  of  the  measured  temperature  about  the  true  value  that 
occur  throughout  the  duration  ei  the  data  traces  (noise)  are  introduced  by 
the  transducer,  amplifier,  recording  system,  playback  system,  and  so  on. 

Some  of  these  fluctuations  are  cyclic,  while  others  vary  in  a  randomlike 
fashion  with  time.  The  cyclic  fluctuations  can  be  readily  identified  as 
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noise  because  of  their  presence  on  the  constant  value  voltage  input  to  each 
data  channel  immediately  prior  to  each  test.  The  random  fluctuations-  are 
evidently  comparatively  negligible;  they  are  imperceptible  during  the 
co. is tent -value  voltage  input  (due  account  being  made  for  the  superimposed 
cyclic  fluctuations). 


Regarding  the  uncertainty  Is  K',  tile  uncertainty  in  measurements  -»f  the 
dependent  parameters  K  ant?  C  (assuming  the  uncertainty  in  p  is  relatively  small) 
is  typically  5  percent,  so  that  the  uncertainty  in  &  measurement  of  K'  would  be 


£K*  _  ^2 

“K7  ~  2 


0.05 


0.035 


Since  the  copper  and  iron  slabs  are  of  comparatively  pure  grade  material  (99.9-  [f 

I 

percent  pure  for  copper) ,  the  uncertainty  in  the  properties  specified  for  these  f 

materials  should  be  about  equal  to  the  typical  measurement  uncertainty.  It  is  i 

likely  to  be  somewhat  higher  for  the  stainless  steel  slabs  (specified  as  stain-  ! 

! 

less  steel  303  and  309)  since  there  is  a  greater  lot-to-lot  variability  in  the 
constituents  of  stainless  steels.  j 

A  further  but  temporary  source  of  error  occasionally  arises  due  to  a  some-  1 

what  sinusoidal  high-frequency  oscillation  in  the  initial  portion  of  the  surface  | 

temperature  —  time  data  trace,  which  evidently  results  from  passage  of  the  shock 

wave  and/or  the  impact  of  high-speed  fragments  of  the  tankage  hardware  on  the  , 

! 

instrument  or  its  mounting.  This  signal  attenuates  rapidly  with  time  and  j 

generally  decays  to  negligible  proportions  in  less  than  0.1  sec,  and  the  amplitude  j 

for  the  most  extreme  and  rare  cases  is  about  25  percent  of  the  true  signal.  j 

Since  the  period  of  vibration  is  usually  orders  of  magnitude  smaller  than  the  j 

period  of  typical  changes  of  the  true  signal,  "smoothing”  the  initial  portion  j 

of  the  trace  to  eliminate  the  vibration  induced  noise  can  usually  be  accomplished  j 

with  reasonable  accuracy.  I 

One  additional  systematic  error  should  also  be  considered.  The  relationship  j 

i 

from  which  the  heat  flux  density  is  computed  from  the  slab  surface  temperatures  I 

Eq.  (C.l)  assumes  that  the  slab  is  effectively  semi-inf inite  (occupies  half  | 

S 
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of  apace) ,  while  the  instrumented  slabs  are  finite.  The  surface  temperature  — 
time  curve  from  a  finite  slab  will  eventually  commence  to  diverge  from  that  of 
a  corresponding  semi-inf into  slab,  and  thus,  an  error  will  be  introduces  into 
the  computed  heat  flux  unless  Eq„  (C.l)  is  modified  to  accommodate  a  finite  slab. 
This  modification  is  somewhat  involved,  however,  and  the  alternate  approach 
was  taken  of  selecting  the  slab  Materials  and  dimensions  such  that  the  errors  in 
applying  Eq,  (C.3.)  are  minor.  The  worst,  case  was  in  connection  with  copper  slabs 
having  thicknesses  of  about  1-1/2  in.  (detailed  slab  dimensions  are  given  below 
In  the  discussion  of  instalment  mounting) ,  Comparative  examination  of 
first  time  derivatives  of  the  temperature  -  time  curves  for  copper  slabs  oi 
this  thickness  and  corresponding  semi -infinite  slabs  Indicate,  for  instance, 
that  errors  in  heat  flux  density  as  large  as  10  percent  can  occur  at  5  sec,  but 
that  they  are  negligible  at  2.5  sec.  Iron  slabs  of  similar  thickness  and  stain¬ 
less  steel  slabs  1  in.  thick  were  also  used,  although  the  corresponding  errors 
are  comparatively  small. 

PHOTO-RECORD  PYROMETER 

Blackbody  equivalent  temperature  measurements  using  a  photographic 
recording  pyrometer  at  a  remote  location  were  made  by  the  Sandia  Corporation. 

This  instrument  is  shown  in  Fig.  C-12.  Basically,  the  measurement  consists  of 
matching  in  the  visible  spectrum  the  intensity  of  an  image  of  a  region  of  the 
fireball  with  the  intensity  of  a  similar  image  of  one  of  several  tungsten 
filaments,  each  of  which  is  at  a  known  and  preset  temperature.  Since  the 
intensity  of  the  tungsten  in  the  optical  spectrum  approximates  that  of  a  black- 
body,  the  measured  fireball  temperature  is  near  the  blackbody  equivalent 
temperature. 

A  more  specific  description  is  as  follows.  A  camera  is  positioned  to 
photograph  a  region  of  the  fireball  to  be  measured.  A  lamp  box  containing 
several  tungsten  lamps  is  placed  so  that  the  lamp  filaments  are  in  the  lower 
portion  of  the  camera  field  of  view  and  are  in  focus  at  the  film  plane.  The 
lamps  re  then  adjusted  to  temperatures  bracketing  the  expected  temperature  of 
the  fireball.  The  lamp  temperatures  are  read  with  an  optical  pyrometer.  A 
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Wratten  28  filter  is  placed  in  front  of  the  camera  lens,  and  the  exposure  set 
no  that  the  lamp  filament  iraagee  will  give  a  maximum  density  on  the  film  of 
about  1.8.  The  lamps  are  burning  during  thi  operation,  so  that  each  data  frame, 
when  processed,  contains  an  image  of  the  fireball,  and  the  Images  cf  the  lamp 
filaments,  each  of  the  latter  at  a  different  calibrated  temperature.  The  den¬ 
sity  of  the  calibration  lamps  is  plotted  against  temperature,  and  the  tempera¬ 
ture  of  the  fireball  taken  from  this  curve. 

RADIANT  FLUX:  INSTRUMENTS,  CORRECTION  FACTORS  AND  ERROR  ANALYSIS 
Basic  Description  of  Radiometers 

The  radiant  flux  measurements  are  made  with  an  Instrument  ordinarily  re¬ 
ferred  to  as  the  Gardon-type  radiometer.  Detailed  descriptions  of  the  princi¬ 
ples  of  operation  of  this  instrument  are  given  in  Refs.  C-7  and  C-8.  The  fol¬ 
lowing  is  a  brief  summary  from  these  references. 

The  basic  radiant-energy-receiving  element  of  the  instrument  is  a  circular 
metallic  foil,  aa  illustrated  in  Fig.  C-13.  If  energy  is  absorbed  at  a  constant 
rate  uniformly*  over  the  surface  of  a  sufficiently  thin  circular  foil  (or  heat 
is  generated  at  a  constant  rate  uniformly  within  the  foil)  whose  circumferen¬ 
tial  edge  is  maintained  at  Its  initial  temperature,  a  steady-state  temperature 
field  is  such  that  the  temperature  differential  between  the  center  and  circum¬ 
ferential  edge  of  the  foil  is.  to  an  approximation,  proportional  to  the  rate 

aa 

of  radiant  energy  absorption  by  the  foil  or  rate  of  heat  generation  within 

the  foil).  Specifically,  an  approximate  equation  relating  the  temperature  di.f- 

2 

ferentlal  to  the  constant  heat  flux  (watt/cm  )  is 

q  =  4K(5  &W  (C,5) 

Uniform  irradiance  of  the  foil  may  not  be  e  necessary  condition  for  the  flux 
to  be  proportional  to  the  temperature  differential  upon  reaching  sti  dy 
state,  but  it  is  known  to  be  a  sufficient  condition,  and  thus  we  have  made 
efforts  to  maintain  uniform  irradiance. 

Some  of  these  statements  are  subject  to  conditions  too  complex  to  consider 
in  this  brief  sumaary. 
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where  K,  6,  and  R  are  the  thermal  conductivity,  thickness  and  radius  of  the 
foil,  q  in  the  heat  flux,  and  AT  is  the  temperature  difference  between  the  cen¬ 
ter  and  edge  of  the  foil. 


UNIFORM  RADIANT 
ENERGY 


| - 1 


‘j}iV 


CONSTANT  TEMPERATURE 


/V/ZOW,  THERM  O- 

couple 

fHEAT^pNCTiONS 
;SINIt^  / 

mm.  /  \ 


%SINK^ 

V/////M 
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Fig.  C-13.  Configuration  of  Gardon-iype  Radiometer 


In  practice,  the  condition  that  the  temperature  at  the  edge  of  the  foil  be 
maintained  constant  is  approximately  met  by  welding  tba  foil  to  a  highly  con¬ 
ducting  heat  sink,  as  illustrated  in  cross  section  is.  Fig.  C-13.  Finally  a 
differential  thermocouple,  whose  voltage  output  is  proportional  to  AT,  is  made 
by  welding  wires  of  the  same  material  (but  different  from  that  of  the  foil)  to 
the  center  and  edge  of  the  foil  (the  latter  wire  may  be  Joined  at  any  region 
of  the  heat  sink).  Then  in  terms  of  the  electrical  potential  difference  AV 
across  the  thermocouple  leads,  Sq.  (C.S)  becomes 

q  =  4Ke<5  AV/R* 


where  e  is  the  voltage  difference  per  unit  temperature  difference  across  the 
thermocouple  Junctions . 
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Ar»  order  of  time  r  for  steady  state  to  bo  approached  after  initiating;  the 
conn  tant  flux  is  given  by 


r  «  R a/*K 

where  a  is  the  thermal  diffusivity  of  the  foil. 

Description  of  Radiometers 

Radiometers  of  three  slightly  different  types  were  used  for  measurements 
within  the  fireball  designated  as  the  Sandia,  RU-1,  and  HTh*  radiometers,  and 
a  fourth  type  for  all  remote  measurements,  designated  the  external  radiometer . 

All  four,  however,  are  Gardan-type  radiometers  and  function  as  in  the  basic 
description  above.  The  differences  are  primarily  in  the  materials  used,  for 
instance,  for  the  sensitive  foil  and  heat  sink,  and  in  dimensions,  such  as  the 
foil  diameter  and  thickness  and  the  thickness  of  the  windows. 

A  cross-section*!  sketch  of  the  HTL  radiometer  is  given  in  Fig.  C-1.4,  with 
an  enlargement  of  the  aperture  and  foil  region  in  the  lower  portion  of  the  fig¬ 
ure.  The  foil  for  this  particular  radiometer  is  0.001- in. -thick  constantan 
with  a  diameter  of  0.89  in.  Hie  thermocouple  junction  wires  are  copper,  and 
with  this  combination  of  materials  and  dimensions,  the  instrument  has  a  time 
response  of  50  msec  and  a  sensitivity  of  10  watts/ cmVmV. 

A  feature  of  the  HTL  instrument  that  is  not  present  in  the  other  intra- 
fireball  radiometers  is  an  annular  disc  which  restricts  the  aperture  to  approxi¬ 
mately  the  diameter  of  the  foil,  as  illustrated  in  the  lower  portion  of  Fig. 

014.  The  upper  surface  of  the  disc  is  coated  with  a  thin,  light-absorbing 
layer  to  minimize  reflection,  and  energy  that  is  absorbed  by  the  disc  is  con¬ 
ducted  to  a  region  of  the  heat  sink  that  is  remote  from  the  foil.  This  disc, 
along  with  an  external  annular  ring  illustrated  on  the  upper  sketch  of  Fig,  C-I4, 


Hie  basic  energy-sensing  element  of  the  radiometer  was  manufactured  by  Heat. 
Technology  Laboratories,  Huntsville,  Alabama,  Fabrication  of  the  supplemen¬ 
tary  hardware  and  assembly  was  done  at  the  AFRPL  shop,  Edwards  Air  Force 

Base,  California. 
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restricts  energy  having  angles  of  incidence  between  VO  and  90  deg  from  arriving 
at  the  foil.  Tho  diameter  of  the  external  aperture  is  Just  sufficient,  account¬ 
ing  for  refraction  at  the  window  surfaces,  to  restrict  energy  incident  between 
70  and  90  deg  from  arriving  at  the  foil.  No  such  restriction,  either  internal¬ 
ly  or  externally,  existed  for  the  remaining  two  intrafireball  radiometers. 

The  relevant  data  and  characteristics  of  all  four  radiometers  are  listed 
in  Table  C-2 . 


<.  Table  C-2 

DIMENSIONS  AND  CHARACTERISTICS  OF  THE  RADIOMETERS 


_ 

HTL 

SANDIA 

RIM 

EXTERNAL 

Thickness 

<in.) 

0.001 

0.005 

0.001 

0.001 

o 

u_ 

Diameter 

(in.) 

0.089 

0.25 

0.25 

0.25 

Material 

Constantan 

Silver 

Silver 

Silver 

Thermocouple 
Junction  Wire 
Materiel _ 

Copper 

Conitantan 

Comtontan 

Conjtantan 

Thickness 

(in.) 

3/16 

3/8 

3/16 

1/4 

8 

z 

Dicmeter 

(in.) 

0.94 

3.2 

0.94 

1.75 

Material 

Quart*  or 
Sapphire 

Qucrtz 

Quartz  or 
Sapphire 

Quartz 

F  lei  d-of- View 

(«fa3) 

70 

90 

90 

45 

Time  fcesponse 
(m*ec) 

50 

60 

60 

60 

Sensitivity 
(watt/cm  ymV) 

10 

50 

8 

10 

Correction  Factors  for  Radiometer  Measurements  Within  the  Fireball 


Questions  for  interpreting  radiometer  data  that  are  .  stained  within  the 
fireball  arise,  and  a  correction  factor  permitting  proper  interpretation  must 
be  obtained.  Evaluation  of  the  correction  factor  is  necessary  because  the 
intention  is  to  evaluate  the  radiant  energy  incident  on  an  immersed  object 
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while  the  energy-detecting  element  of  the  radiometers  is  behind  a  window.  Energy 
is  lost  enroute  to  the  element  hy  reflection  at  both  surfaces  of  the  window  and 
by  absorption  within  the  window,  and  adjustment  of  the  measured  flux  requires 
knowledge  of  the  relationship  between  the  flux  at  an  exposed  surface  to  that 
at  the  sensitive  elements. 


As  will  be  described  below,  rather  significant  uncertainties  exist  regarding 
two  properties  of  the  fireball  that  are  used  in  evaluating  the  radiometer-data 
correction  factor.  While  these  properties  can  be  measured,  a  rather  substantial 
effort  is  required,  and  in  light  of  the  secondary  nature  of  the  measurements, 
as  mentioned  in  the  general  discussion,  an  effort  to  lessen  these  uncertainties 
did  not  appear  to  be  warranted,  nor  was  any  made.  In  addition,  no  thorough 
analysis  which  would  indicate  the  level  of  the  uncertainty  has  been  performed, 
although  limited  consideration  suggests  uncertainties  of  perhaps  20  or  30  percent.  j 

The  data,  however,  are  considered  of  value  in  supporting,  at  this  level  of  { 

uncertainty,  the  general  magnitudes  of  other  measurements,  and  consequently  j 

estimates  of  the  correction  factors  based  ou  the  best  available  Information  ! 

have  been  evaluated.  The  o.-igin  and  nature  of  the  uncertainties  will  become  j 

more  evident  in  the  following  paragraphs,  which  describe  the  process  of  evalu-  ! 

t 

ating  the  correction  factors.  The  correction  factor  consists  of  the  ratio  of 

the  radiant  energy  incident  on  an  exposed  surface  area  to  that  on  the  same 

area  which  is  separated  irom  the  gas  by  a  window,  and  the  discussion  commences 

with  the  evaluation  of  the  energy  on  the  exposed  area.  j 


Consider  in  Fig.  C-15  the  energy  emitted  from  an  elemental  volume  AV  of  I 

gas  which  intersects  the  elemental  area  AA.  Letting  the  energy  emitted  per  j 

unit  volume  of  gas  be  e1 ,  the  energy  emitted  f  rom  AV  in  all  directions  is  e^V,  ! 

and  the  fraction  emitted  in  a  direction  so  as  to  intersect  the  area  AA  is  (/va  I 

cos  5)/47rra,  where  r  is  the  distance  between  AA  and  AV  and  8  is  the  angle  be-  j 

tween  the  line  intersecting  AV  and  AA  and  the  normal  to  AA.  Some  of  this  energy  j 

is  absorbed  by  the  gas.  In  particular,  the  fraction  of  the  energy  not  absorbed  I 

is  e  ,  where  k  is  an  absorption  coefficient.  The  energy  emitted  by  AV  that  f 

arrives  on  AA  then  is  1  i 

^  -kr 

-j  sin  8  cos  8  e  dtfdrdp  (C.6)  | 
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^-asic  Geometry  for  Computation  of  Radiant  Flux 
Density  Correction.  Factor 


In  summing  the  contributions  of  energy  from  the  entire  gas,  where  it  is 
assumed  that  the  gas  extends  indefinitely  in  both  the  lateral  (X  and  Y)  and 
vertical  (Z)  directions,  it  is  convenient  to  identify  for  later  use  the  angular 
energy  distribution  on  OA  by  summing  first  over  the  ranges  of  the  variables  r 
and  0  givix)g 

SjAA. 

c„  =  — -  sin  0  com  &  dQ  (C,7) 
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Thus  eg  is  the  total  energy  arriving  at  AA  with  an  angle  of  incidence  between 
6  and  #+dfl.  Continuing  the  summation  over  the  range  of  the  angle  6,  the  total 
energy  arriving  onAA  is 


e,AA 

1 

~4k 


(C .  8  ) 


It  la  this  quantity  that  must  be  compared  with  the  energy  onAA  when  a  window 
is  inserted  between  the  radiating  gas  and  AA. 


f 


For  the  case  where  a  window  separates  AA  from  the  radiating  gas,  it  is 
convenient  to  first  evaluate  the  energy  incident,  on  AA  for  a  window  having 
infinite  lateral  dimensions  and  to  subsequently  show  that  the  energy  is 
approximately  the  same  for  windows  that  are  appropriately  finite  laterally. 


Commencing  with  the  assumed  laterally  infinite  window  and  assuming  that 
the  radiating  gas  occupies  all  of  the  space  on  one  side  of  the  window,  the 
angular  distribution  of  energy  on  the  upper  exposed  surface  of  the  window  is 
given  by  Eq.  (C.7)  (now  interpreting  the  angle  0  as  simply  the  angle  of 
incidence)  and  the  energy  is  uniformly  distributed  over  this  surface  since  the 
gas  extends  Indefinitely.  Since  the  irradlance  of  the  upper  surface  is  uniform, 
the  energy  emerging  from  the  lower  surface  of  the  windows  is  also  uniform, 
although  the  angular  distribution  o  the  emerging  energy  will  not  be  described 
by  Eq.  (C.7)  since  energy  is  lost  by  reflection  at  both  tne  upper  and  lower 
surfaces  of  the  window  (absorption  within  the  window  is  momentarily  ignored) 
and  the  fraction  of  the  energy  reflected  depends  on  the  angle  of  incidence.  How¬ 
ever,  since  the  radiant  energy  emerging  from  the  lower  surface  of  the  window  is 
uniform,  evaluating  the  emergent  radiant  flux  density  (or  the  energy  onAA  below 
the  window)  is  simply  a  matter  of  evaluating  the  energy  that  is  transmitted 
through  the  window  for  an  angular  distribution  of  incident  energy  given  by 
Eq.  (C.7).  That  is,  the  complexities  of  computation  tnat  arise  for  cases  where 
the  emergent  energy  is  not  uniform  can  be  avoided.  The  reflected  energy  at  the 
exposed  window  surface  depends  on  the  angular  distribution  of  energy  at  that 
surface  and  or.  the  index  of  refraction  of  the  window  material  relative  to  the 
radiating  gas,  (The  fundamental  relationships  permitting  evaluation  of  reflected 
energy  are  given,  for  instance,  in  Chapter  1  of  Ref.  C-9  and  Chapter  25  of 
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Ref.  C  - 10  ).  At  the  lower  or  unexposed  surface,  the  reflected  energy  depends 
on  the  Index  of  refraction  of  the  window  material  relative  to  air  and  on  the 
angular  distribution  of  energy  at  the  lower  surface.  This  distribution  is 
different  from  the  above  distribution  due  both  to  refraction  (or  bending)  at  the 
upper  surface  and  to  the  different  quantities  of  energy  that  were  reflected  at 
each  angle  at  the  upper  surface.  The  index  of  refraction  associated  with  the 
upper  surface  is  comparatively  uncertain  due  to  the  uncertainty  that  exists  in 
the  properties  of  the  radiating  gas,  and  this  lack  of  knowledge  represents  one 
of  two  significant  weaknesses  of  the  intrafireball  radiometer  measurements.  In 
order  to  provide  an  approximation  to  the  correction  factor,  however,  computations 
were  made  for  the  single  case  where  the  index  of  refraction  of  the  window  relative 
to  the  radiating  gas  is  the  same  as  that  of  the  window  relative  to  air  (the  same 
as  the  index  associated  with  the  lower  window  surface) .  For  this  case,  the 
fraction  of  energy  with  an  angle  of  incidence  of  0  that  is  transmitted  through 
both  surfaces,  ignoring  multiple  reflections  at  a  given  surface,  is  given  by 

T(0)  =  8(n  cos  0  cob  0')2  ) - - - — - .  +  - i (C.9) 

l  (cos  6  +  n  cos  O'  )  (n  cos  0  +  cos  O'  )  ) 


where  n  is  index  refraction  of  window  relative  to  surrounding  gas  and  0  is 
related  to  0  by  sin  6  =  n  sin  9'  .  The  angular  distribution  of  energy  on  M 
beneath  the  window  is  then 

e  M 

c q  =  — —  T (0)  sin  0  cos  0  d0  (C.10) 


The  summation  of  Eq.  (C.10)  gives  the  energy  on  M  and,  as  will  be  shown  below, 
has  been  computed  for  quartz  and  sapphire  over  various  appropriate  ranges  of  0. 
.Finally,  the  data  correction  factor  (thus  far  excluding  the  correction  for  absorbed 
energy)  is  given  by 


F  “  Ik “/ 


*  j  T (0)  sin  0  cos  0  d0 


(C.ll) 


T(0)  sin  9  cos  0  d0 
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where  8  is  the  maximum  angle  of  incidence  permitted  in  the  particular  instru¬ 
ment.  Eq.  (C.ll)  is  the  ratio  of  energy  incident  on  A4  without  a  window  Eq, 
(C.8)  to  that  with  e  window,  so  that  the  measured  radiant  flux  density  should 
be  multiplied  by  F  in  older  to  determine  the  radiant  flux  density  on  an  exposed 
surface.  For  the  RU-1  and  Sandia  radiometers,  8^  was  9C  deg.  whereas  it  was 
usually  70  deg  for  the  HU  radiometer  due  to  presence  of  an  aperture  arrange¬ 
ment  both  on  the  exposed  and  underneath  side  of  the  window. 

Thao  far,  a  laterally  infinite  window  has  been  assumed.  Consideration  of 
the  path  of  light  "beams"  which  arrive  on  AA  from  any  possible  direction,  as 
illustrated  in  cross  section  with  incident  beasts  at  0,  45,  90  deg  on  Fig.  0-16a 
indicates  that  because  of  refraction,  only  a  window  section  of  finite  diameter 
D  is  involved.  That  is,  the  window,  except  for  the  disk  of  diameter  D,  oeuld 
be  removed  without  any  effect  on  the  energy  at  AA.  For  the  radiometers,  AA, 
the  sensitive  element  of  the  radiometer,  is  slightly  below  the  lower  window  sur¬ 
face,  and  for  radiation  at  a  given  angle,  the  diasseter  must  be  increased,  as 
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Fig.  C-16.  Illustration  of  the  Useful  Dimensions  of  Radiometer  Windows 
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illustrated  in  Fig.  C-lSb,  to  D' .  In  addition,  energy  incident  at  and  approach¬ 
ing  90  deg  is  restricted  from  arriving  at  AA  for  a  finite  window.  For  the  ra¬ 
diometer  dimensions  used,  however,  this  energy  loss  is  negligible;  for  instance, 
for  the  BTL  radiometers  where  3/lS-in. -thick  windows  with  an  effective  d is  rue tar 
of  0.81  in.  were  used  and  the  sensitive  element  was  0.003  in.  below  the  window 
surface,  the  fraction  of  the  energy  lost  due  to  its  finite  diameter  is  estima¬ 
ted  to  he  about  1/10,000  for  quartz,  and  similar  numbers  occur  for  other  ma¬ 
terials  and  radiometers. 

Evaluating  the  energy  absorbed  within  the  window  requires  Knowledge  of  the 
wavelength  and  angular  distribution  of  the  incident  radiant  energy  and  the 
absorption  coefficient  of  the  window  material  as  a  function  of  wavelength.  The 
wavelength  distribution  is  not  precisely  known,  although  the  general  form  for 
black  or  grey  bodies  is  known,  given  the  temperature.  The  distribution  for 
fireballs  from  LOg/RP-l  explosions  probably  reasonably  approximates  that  from 
a  blackbody.  This  uncertain  wavelength  distribution,  however,  does  create  an 
uncertainty  in  the  evaluation  of  the  absorbed  energy,  although  it  is  not  parti¬ 
cularly  serious  at  the  expected  temperature  levels.  The  window  materials  have 
been  chosen  so  that  for  temperatures  obtained,  the  absorbed  energy  will  be  minor 
for  any  probable  wavelength  distribution.  For  instance,  special  grades  of  fuzed 
quartz  are  used  which  are  excellent  transmitters  beyond  (at  greater  wavelength 

jfC 

than)  the  2.7-^  water  band  region  to  about  3.5  ft,  along  with  sapphire,  which 
transmits  to  the  4.5-j*  region.  To  illustrate,  the  fraction  of  the  energy  from  a 
blackbody  at  2300°K  that  is  beyond  3.5  and  4.5  fi  is  about  14  and  8  percent, 
respectively.  This  percentage  can  be  somewhat  higher  for  probable  wavelength 
distributions  of  the  fireball,  however.  In  addition,  as  the  gas  temperature 
decreases,  the  fraction  of  the  energy  that  is  in  the  wavelength  region  beyond 
the  transmission  cutoff  increases,  that  is,  the  fraction  absorbed  increases,  and 
the  error  in  the  estimated  energy  loss  tends  to  have  a  more  serious  effect  on 

*  A  grade  referred  to  as  "infrasil"  from  Englehard  Industries,  Inc.,  Amerisil 
Quartz  Division,  Hillsdale,  N.Y. ,  and  grade  G-106  from  General  Electric 
Comp.,  Lamp  Glass  Dept.,  Cleveland,  Ohio. 

**  Optical  grade  synthetic  sapphire  from  Linde  Division,  Union  Carbide  Corp., 
TOrrance,  California. 
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the  total  correction  factor.  In  addition  to  the  energy  absorbed  that  is  beyond 
transmission  cutoff  at  3.5  and  4.5  p  .  some  energy  is  also  absorbed  in  the  trans¬ 
mission  region  of  quartz  and  sapphire.  For  the  window  thicknesses  involved, 
this  represents  a  small  fraction  of  the  energy ,  and  evaluating  the  energy  in 
this  case  does  not  depend  critically  on  the  wavelength  distribution  since  the 
absorption  properties  of  quartz  and  sapphire  are  for  practical  purposes  constant 
over  this  portion  of  the  spectrum.  The  absorption  properties  are  more  uncertain 
here  and  increase  in  uncertainty  as  the  absorption  coefficients  become  negli¬ 
gibly  small;  however,  since  this  entails  a  large  error  of  the  negligible  energy 
loss,  the  correction  factor  is  not  seriously  effected  by  the  error. 

An  estimate  of  the  fraction  of  the  energy  absorbed  for  the  various  window 
thicknesses  and  materials  and  radiometer  iields-of-view  was  obtained,  and  the 
corresponding  correction  factors  associated  with  absorption  alone  (as  well  as 
those  associated  with  the  combined  effect  of  reflection  and  absorption)  are  pre¬ 
sented  below.  For  the  absorption  estimate,  the  wavelength  distribution  from  a 
2200°K  folaektody  was  assumed,  and  the  absorption  properties  used  wore  those 

specified  by  the  manufacturer  of  the  windows,  supplemented  by  data  from  the 

* 

technical  literature.  Also,  while  the  distance  a  given  beam  of  energy  tra¬ 
verses  through  the  window  varies  with  the  angle  of  incidence,  the  estimate  was 
based  on  an  averaged  distance.  Ibe  absorption  losses  should  properly  have  been 
evaluated  in  conjunction  with  ref lection  losses.  However,  the  error  resulting 
from  their  separate  treatment  is  comparatively  insignificant. 

The  final  correction  factors  are  listed  in  Thble  C-3 .  In  order  to  indi¬ 
cate  the  relative  influence  of  reflection  and  absorption,  the  factors  due  to 
reflection  alone  and  absorption  alone  have,  been  included  along  with  the  results 
from  their  combined  effect.  It  should  be  noted  that  these  factors  will  tend  to 
become  larger  as  the  gas  temperature  decreases  from  2200°K. 


Absorption  properties  of  sapphire  are  given  in  Refs.  C-ll  and  C-12.  The 
properties  of  fuzed  quartz  silica  {SiOg)  are  available  in  numerous  hand¬ 
books  and  infrared  reference  books. 
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Table  C-3 

RADIOMETER  CORRECTION  FACTORS 


INSTRUMENT 

DESIGNATION 

WINDOW 

MATERIAL 

’ 

FIELL-OF- VIEW 
(dtg) 

Sandia 

Quartz 

90 

RU-l 

Quartz 

90 

HTL 

Quartz 

70 

HTL 

Sapphire 

70 

CORRECTION 


DUE  TO  DUS  TO 

REFLECTION  ABSORPTION 


TO  3 

[  niiR  to 


DUE  TO 
REFLECTION 
AND 

ABSORPTION 


ORPTION  j 
l743~~”  ] 
1.41  j 


THKRaKXXJUPLE  PROSE 

Measurements  of  the  fireball  gas  temperature  at  instrument  locations  with¬ 
in  the  fireball  were  made  by  the  Sandia  Corporation  with  a  metalllcalj^f  sheathed 
thermocouple  Junction,  or  thermocouple  probe.  The  probe  consists  of  a  1-mil- 
wire- thickness  tungu ten/ tungsten  26%  rhenium  thermocouple  sheathed  wi  th  16-mil- 
O.D.  molybdenum  disulfaie*' coated  tantuluia.  The  thermocouple  wires  are  insula¬ 
ted  from  the  sheath  and,  except  at  the  junction,  from  each  other  by  beryllium 
oxide . 

While  the  thermocouple  probe  is  a  standard  instrument,  for  the  temperatures 
and  molecular  constituents  that  occur  in  the  fireball,  a  comparatively  large 
uncertainty  in  the  indicated  temperature  of  its  environment  occurs.  Upon  im¬ 
mersion  in  the  fireball,  the  temperature  cf  the  instrument  commences  to  increase 
rapidly  toward  that  of  its  environment,  and  at  temperatures  well  below  the  melt¬ 
ing  temperature  of  the  sheath,  a  chemical  reaction  between  the  sheath  material 
and  the  nearby  oxidants  of  the  fireball  gas  commences.  Hie  energy  from  the 
reaction  can  contribute  substantially  to  the  temperature  elevation  of  the  probe 
and  its  ultimate  temperature  can.  exceed  that  of  its  envirokimeut .  The  rate  of 

*  Includes  loss  due  to  f ield-oi’-view  restriction. 
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reaction  depends,  of  course,  on  the  type  and  concentration  of  available  oxidants, 
the  flow  velocities,  and  the  sheath  material,  and  It  Is  difficult  to  establish 
whether  the  reaction  is  oi  is  not  inducing  a  false  indication  of  significance. 

The  resultant  data,  however,  should  be  used  with  caution. 

Passive  Sensor 

A  piece  of  test  hardware  inadvertently  became  *  passive  thermal  sensor 
for  Test  285.  This  sensor  consists  of  a  solid  aluminum  cone,  as  illustrated 
in  Fig.  C-17.  At  the  time  of  ignition,  it  was  located  at  or  within  a  few 
feet  of  the  point  of  initial  propellant  ignition,  and  after  the  test  was 
located  within  a  few  feet  of  its  initial  location.  Approximately  0.1  to  0.2  in. 
of  material  had  been  uniformly  ablated  from  the  surface  of  the  sensor.  No 
thorough  analysis  of  the  possible  heating  pulses  that  could  have  induced  such 
an  ablation  has  been  performed,  nor  is  it  clear  if  chemical  reaction  was 
involved  in  the  process  of  ablating  the  surface. 


SCALE  =  1/2 

MATERIAL  »  &06J  -  T6  Aluminum 


Fig.  C-17.  Dimensions  of  Aluminum  Cone 
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Within  the  Fireball 


There  are  four  intrafireball  instrument  mounts  which  are  designated  as 
the  H„  3,  P,  and  Eandia  Stations.  This  section  contains  a  description  of  these 
stations,  their  location,  and  the  position  of  the  instruments  on  the  stations, 

A  sketnh  of  station  "h"  is  given  in  Fig.  C-13,  showing  the  location,  of  two 
slabs  and  four  radiometer  positions  along  the  upper  surface  of  the  mount.  Also 
along  the  upper  surface  is  a  "wing-like"  projection  (or  wing) ,  which  extends 
beyond  the  main  body  of  the  mount  both  laterally  and  toward  the  center  of  the 
explosion.  The  wing  is  1  in.  thick  (steel) ,  with  two  adjacent  slabs  (3-by  3 -by 
1 -in. -thick  stainless  steel  303)  mounted  with  their  exposed  surface  flush  with 
the  upper  surface  of  the  wing.  The  upper  wing  surface  is  entirely  planar,  and 
the  leading  edge  and  wing  tips  are  tapered  in  toward  the  main  body  from  the 
perimeter  of  the  upper  surface  at  an  angle  of  30  deg  from  the  horizontal.  The 
function  of  the  wing  is  to  induce  similarity  of  gas  flow  along  the  surface  of 
the  two  slabs  even  though  the  flow  direction  may  be  somewhat  askew  of  the  'vertical 
plane  of  symmetry  of  the  mount  and/or  of  the  horizontal  plane. 

Positions  for  four  radiometers  were  included  in  order  that  gross  differences 
could  be  detected  between  simultaneous  measurements  from  dissimilar  instruments, 
similar  instruments  with  dissimilar  window  materials,  etc.,  although  differences 
exceeding  the  measurement  uncertainty  were  not  obtained.  The  radiometers  of  this 
station  are  provided,  starting  with  test  JSo.  279,  with  a  helium  purge  (apparatus 
not  included  in  sketch)  along  the  exposed  surface  of  their  windows,  the  purpose 
being  to  minimize  particle  deposition  and  window  heating,  the  latter  because  it 
tends  to  alter  the  reflection  and  absorption  properties  of  the  window.  Through 
appropriate  shaping  of  the  purge-gas  orifice  and  control  of  the  velocity  of  the 
purge  gas  at  the  orifice,  the  purge-gas  flow  along  the  upper  surface  of  the 
window  was  confined  to  a  thickness  of  about  a  millimeter,  and  thus  did  not  tend 
to  repel  the  fireball  gas  from  the  window  surface  to  an  undesirable  extent.  The 
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Fig,  C-1S,  Intraf ireball  Thermal  Instrument  Station  H 


URS  652-35 


AFRPL-TR-68-92 


purge ,  however,  did  successfully  eliminate  deposition,  although  difficulty  was 
experienced  in  maintaining  the  required  purge-orifice  alignment, 

A  sketch  of  station  S  is  given  on  Fig.  C-ld,  showing  locations  of  two 
slabs,  two  thermocouple  probes,  and  a  radiometer,,  although  no  radiometer  data 
were  successfully  acquired  at  this  station.  Station  S  was  generally  located 
approximately  13  ft  above  the  ground  surface  and  e.s  near  to  the  center,, ef  the 
explosion  as  practical.  During  Tests  275  through  285  it  was  located  at  a 
ground  aistanee  from  the  center  of  the  test  pad  of  about  23  ft  approximately 
along  gauge  line  A.  Due  to  the  difficulty  of  maintaining  the  station  at  this 
distance,  it  was  relocated  for  the  remaining  tests  to  a  ground  distance  of  32 
ft  along  a  radial  line  about  half  way  between  gauge  lines  A  and  B.  A  sketch 
of  the  station  and  its  final  support  structure  is  given  in  Fig.  C-20. 


SLABS 


FORWARD  FACE 


SUPPORT 
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SURFACE 


7" 


Fig.  C--19.  Intrafireball  Thermal  Instrument  Station  S 


Fig,  C-20,  Thermal  Instrument  Stations  P  and  S 
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The  slab*  on  the  3  station  Iroa  Taste  375  through  37*  vara  3  by  3  by  t -la. - 
thick  stainless  steel  309.  While  slabs  having  cooperatively  mi  1 1  t hr real 
ciifxusivitlas  such  as  stainless  steel  are  preferable  fer  the  letter  {Sureties 
testa,  the  loss  of  several  temperature  transducers  during  the  first  few 
25,000-lb  tests  required  their  replacement  with  transducers  and  slabs  of  copper. 

In  order  to  increase  the  time  during  which  negligible  errors  occur  in  the 
evaluation  of  heat  flux,  slabs  having  a  thickness  of  T-l/2  in.  were  installed, 
where  as  usual,  the  exposed  slab  surface  was  flush  with  the  external  surface  of 
the  mount. 

The  location  of  station  P  is  shown  in  Fig.  C-20  just  below  station  S, 
station  P  being  actually  part  of  the  support  structure  for  station  S.  Station  P, 
Installed  after  test  285,  consists  of  a  series  of  Instrumented  slabs  distributed 
at  60-deg-angle  intervals  along  the  circumference  of  a  12-in. -diameter,  vertically 
oriented  pipe.  A  more  detailed  cross-sectional  cutaway  view  showing  the  slab 
arrangement  Is  given  in  Fig.  C-21,  along  yith  a  dimensional  sketch  of  an  in¬ 
dividual  slab  in  the  lower  right  hand  corner  of  the  figure.  The  primary  purpose 
of  the  station  was  to  determine  if  there  are  pronounced  and  consistent  variations 
of  flux  density  with  position  on  such  an  object. 

It  was  planned  to  use  iron  transducers  and  slabs  in  station  P.  However, 
iron  transducers  were  not  available  until  the  Titan  I  test  (Test  301)  and 
copper  transducers  and  slabs  were  substituted.  The  use  of  copper  with  these 
comparatively  small  slab  dimensions  will  result  in  small  errors  in  the  evaluation 
of  heat  flux  toward  the  end  of  the  heating  pulse  as  noted  in  the  discussion  of 
errors  above.  Iron  slabs  were  installed  for  the  Titan  I  test  at  station  P 
positions  1,  3,  and  5  (position  is  designated  by  numbers  in  parentheses  on 
Fig.  21. 

The  Sandia  station  was  elevated  above  the  ground  surface  approximately 
IS  ft  and  supported  by  a  structure  similar  to  that  for  station  S  shown  on 
Fig.  C-20.  It  was  located  about  30  ft  from  the  test  pad  center  at  a  point 
approximately  intersecting  gauge  lines  A  and  C. 
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Fig.  D-5.  University  of  Florida  Experiment 
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Fig.  C-21.  Cross-sectional  Cutaway  View  of  Thermal  Instrument  Station  P 
and  a  Perspective  View  of  the  Associated  Slabs 
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Outside  1W  HrrtaH 

HrituniMtti  of  rMULi  z  r.ux  dttsuj  im  is  rebail  temperaiure  arc  made  from 
remote  locations.  Generally  three  radiometers  were  used  per  test,  two  at  the 
same  distance  (335  ft)  fro*  ground  aero  along  radial  gauge  lines  (A  and  B) 

120  deg  from  each  other,  with  the  third  more  remotely  located  (600  ft)  along 
gauge  line  A.  Those  dl  itances  are  such  that  with  the  existing  f i.eld-of-view 
of  the  instruments,  radiant  energy  originating  in  any  region  of  the  fireball 
prior  to  its  rise  is  not  restricted  from  falling  incident  on  the  sensitive  foil 
of  the  instrument. 

The  photo-recording  pyrometer  (a  Sandia  Corporation  instrument)  was  located 
about  450  ft  from  the  test  pad  along  gauge  line  A. 
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"Ride -Along"  Programs 

Included  in  .he  test  phase  of  Project  PYRO  were  several  experiments 
conducted  by  outside  agencies  which  utilized  the  thermal  and  blast  environ¬ 
ment  provided  by  the  liquid  propellant  explosions.  The  data  generated 
in  these  experiments  will  be  reported  by  the  conducting  agency.  The  follow¬ 
ing  is  a  summary  description  of  each  experiment  and  the  technical  contact. 

The  U.S.  Army  Corps  of  Engineers  built  and  installed  aluminum  structures 
in  the  PYRO  test  area  (see  Figure  D-l)  to  measure  structural  response  to 
the  liquid  propellant  blast  wave.  Figure  D-2  shows  the  damage  received 
by  a  structure  during  a  test.  The  technical  contact  for  this  program  was 
Mr.  M.  ,J.  Rosenf ield ,  Ohio  River  Division  Laboratories,  5851  Mariement  Avenue, 
Cincinnati,  Ohio  45227. 

NASA/MSPC  installed  a  series  of  blast  shields  100  ft  from  ground  zero 
during  the  25,000-lb  test  series  to  evaluate  these  shields  for  use  or.  test 
stands  and  launch  pads  to  protect  ground  support  equipment.  Figure  D-3, 
shows  typical  blast  shields  as  Installed  for  the  tests.  The  technical 
contact  for  this  program  was  Mr.  Walter  V.  Medenica,  NASA/MSFC  (R-Test-B) 
Huntsville,  Alabama  35812. 

BSD  in  conjunction  with  TRW  Corporation  tracked  the  fireball  cloud 
of  three  25,000-lb  tests  to  determine  the  feasibility  of  measuring  the 
turbulence  velocity  in  and  near  the  cloud.  Figure  D-4  3hows  a  typical 
fireball  cloud.  The  technical  contact  for  this  program  was  Dr.  Chris  Bush, 

1  Spruce  Park,  Building  R-4,  Room  1166,  Redondo  Beach,  California  90278. 


This  portion  of  the  report  was  authored  by  Mr.  R.  Thomas, 
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Appendix  E 
EXPERIMENTAL  TESTS 


Presented  in  this  appendix  is  a  chronological  listing  of  all  the  experi¬ 
mental  tests  conducted  under  this  program.  Included  in  this  listing  is  the 
following  information: 

•  Test  Number 

•  Description  of  test  conditions,  Including:  Propellant  or  explosive 

type ;  L02/HP-1  (liquid  oxygen/RP-1) .  L02/LH2  (liquid  hydrogen) ,  hyper- 

golic  (nitrogen  tetroxide/50%  unsymmetrical  dimethylhydrazine  —  50% 
hydrazine),  High-Explosive  Calibration  Test  (a  pentolite  charge  unless 
otherwise  noted) ;  Flow  direction  V  -  (vertical) ,  H  -  (horizontal) ; 
Impact  Velocity,  LV  -  low  velocity,  MV  -  medium  velocity,  HV  -  high 
velocity;  Propellant  orientation  normal,  i.e.,  L02  on  top  of  RP-1,  LH2 
on  top  of  LQ2»  N2O4  on  top  of  50-50  unless  marked  RPO  (reversed  propel¬ 
lant  orientation) .  All  propellant  weights  are  200  lb  unless  otherwise 
noted. 

•  Yield  -  in  percent  TNT 

O  Ignition  time  in  miliseconds 

•  Data  Bank  -  indicates  that  the  data  are  or  are  not  in  Volume  2,  the 
data  bank.  A  "no"  in  this  column  usually  indicates  that  no  data  were 
i  ’corded  or  that  the  data  couldn’t  be  reduced. 

•  Prediction  method  -  indicates  the  data  which  were  used  either  in  the 
development  of  the  prediction  method  or  as  large-scale  confirmation  of 
the  method. 
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The  VnUtnlty  of  florid*,  under  contract  to  NASA  KSC ,  installed  a  taeimo- 
couple  grid  in  tha  fuel  tank  of  one  200-lb  and  two  25,O0O-lb  L02/HP-1  CBN 
taata  to  relate  explosive  yield  to  propellant  Mixing  as  Measured  by  the 
thermocouple  grid.  Figure  D-5-A  shown  the  grid  as  installed,  and  Figure  D-5-B 
shows  thx  oscillograph  recording  equipment  used.  The  technical  contact 
for  this  program  is  Dr.  Farber  of  the  University  of  Florida,  Galnsville, 
Florida  32603. 

Sand la  Corporation  Installed  two  thermal  experiments  during  the  25,000-lb 
test  series.  The  PAMS  (Pad  Abort  Measuring  System),  which  is  used  at 
Cape  Kennedy,  was  evaluated  by  comparison  with  the  basic  PYRO  thermal  data. 
The  second  instrument  installed  by  Sandla,  shown  In  Figure  D-6  ,  was  the 
SNAP-27  Heat  Transfer  Experiment.  The  data  obtained  from  the  SNAP-27  was 
used  to  evaluate  the  thermal  model  employed  in  the  design  of  the  SNAP-27 
power  reactor  capsule.  The  technical  contact  for  these  experiments  is 
Mr.  F.  D.  Kite  of  Sandla  Corporation,  P.0.  Box  5800,  Albuquerque, 

New  Mexico  32925. 

Pan  American,  under  contract  iO  APETB,  installed  a  cine-spectrograph 
system,  shown  in  Figure  D-7 , .  to  provide  data  regarding  the  products  of 
the  fire’  all  and  to  measure  the  fireball  temperature.  The  technical  contact 
for  this  project  is  Mr.  Cy  Golub  of  Pan  American  Airways,  Mail  Unit  706, 
Building  983,  Patrick  AFB,  Florida  32925. 

The  Midwest  Reasearch  Institute,  under  contract  to  NASA/MSC,  installed 
pre  heated  thermocouples  of  various  designs  (see  Figure  D-8)  to  determine 
their  survivability  under  blast  wave  loading.  The  purpose  of  these  pre¬ 
heated  thermocouples  is  to  measure  directly  the  peak  temperature  of  the 
fireball.  The  technical  contact  for  this  experiment  is  Mr.  R.  F.  Fletcher 
of  NASA/MSC  (ST'ED) ,  Houston,  Texas  77001. 
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NOTES  FOR  TEST  TABLE 


1.  Propellant  spilled  to  20-ft  diameter  from  rupture  In  bottom  of  tank. 

2.  Pressure  reached  95  psi,  25  msec  after  diaphragm  break.  At  this  point,  the 
top  of  the  tank  blew  out,  and  a  lire  at  the  top  of  the  tank  was  observed. 

3.  Detonator  blew  hole  in  tank,  which  tipped  over.  Propellant  spilled  on  pad 
and  spread  until  ignition. 

4.  Test  similar  to  087  except  tank  did  not  tip  over. 

5.  Top  part  of  tank  flew  to  about  the  height  of  the  apex  of  the  tower  before 
falling  back  on  the  pad.  Ignition  occurred  after  it  had  essentially  come 
to  rest . 

6.  Ignition  at  impact  of  top  tank. 

7.  Comparison  of  tank  pressure  for  test  275  with  those  for  tests  278  and  282, 
which  had  very  similar  ignition  time  but  considerably  larger  yield,  showed 
a  much  slower  and  more  linear  pressure  rise  for  275  than  for  either  278  or 
282. 

8.  Fire  visible  at  bottom  of  tank  about  12  msec  before  ignition. 

9.  Propellants  not  in  contact  at  time  of  ignition. 
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The  l.?.  Cuiii  ind  GcudriiC  Survey  Agency  installed  ground  shock 
Instrumentation  lor  several  25,000-lb  tests  to  relate  ground  shock  data 
Iron  nuclear  explosions  to  liquid  propellent  explosions.  The  technical 
contact  for  this  work  Is  Mr.  W.  B.  Mickey,  U.S.  Coast  and  Geodetic  -  ES8A, 
kasl ington  Science  Center,  Rockville,  Maryland  20852. 
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147  16-lb  Functional  —  —  Ho  Ho  Instruaentation  checkout  only,  data  not  reduced 

14*  Hyperbolic  V  HV  —  Ho  bo  Caught  fire  on  top  of  tower,  no  data 

149  18 -lb  CAL.  —  —  Ho  Ho  Data  presented  In  Appendix  A 

150  LOg/Utg  V  HV  35  40  Yea  Ye#  Cap  Ignition 
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PEAK  OVERPRESSURE  versus  DISTANCE 
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OJOCT  rfflO  CODOIS 

thermal  characteristics  of  tho  throe  liquid  propellant  combination*  in  ooot 
cornoon  use  In  ailltory  nlooiloo  and  apace  vehicles;  liquid  oaygen-RP-1  (LOa/ 
RP-1)  ,  liquid  oxygen  —  liquid  hydrogen  (LOa/LHj)  ,  and  nitrogen  tetroxide/90% 
unaynmetrlcal  Cioothylhydrasine  —  5C%  hydraclna  (XgOg/SOX  UDK  —  90%  Ws&i) . 
During  the  course  of  the  program  scam  270  testa  were  conducted  with  these  pro¬ 
pellant  combinations  on  weight  scales  ranging  from  200  lb  to  100,000  lb.  This 
basic  explosive  teat  program  was  suppleennted  by  analytical  and  statistical 
studies,  laboratory-scale  experimental  studies,  simulation  tests  with  inert 
propellant  caadilnatlona  and  a  series  of  hlgh-erploslve  teste  tor  calibration 
and  evaluation  purposes.^ 

The  basic  test  program  was  designed  to  Investigate  the  explosive  characteris¬ 
tics  of  the  three  propellant  combinations  for  the  most  credible  ways  that  the 
propellants  might  accidentally  come  into  contact  with  each  other  and  result  in 
a  significant  explosion. 

■The  results  of  the  basic  test  program  in  conjunction  with  tbs  analytical  studies 
and  prior  information  regarding  liquid  propellant  explosive  behavior  were  used 
as  the  basis  for  developing  methods  for  predicting  the  blast  and  theiwl  en¬ 
vironment  that  vould  be  erpectad  for  any  given  missile  or  space  vehicle  system 
and  any  specified  failure  mode.  (  )  ^  _ 

In  the  prediction  method  the  thermal  environment  is  given  only  as  a  function 
of  propellant  type,  while  the  blast  environment  is  given  as  a  function  of  a 
number  of  controlling  parameters .  A  failure  mode  analysis  is  required  to  se¬ 
lect  the  appropriate  values  of  the  parameters  needed  to  predict  the  blast  en- 
vironesmt  for  a  specific  system. 

This  report  la  presented  in  three  volumes:  Volume  1,  Technical  Documentary  Re¬ 
port;  Volume  2.  Test  Data:  Volume  3,  Prediction  Methods,  _ 
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